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PREFACE 


In this edition certain rearrangements have been carried out 
with the view to presenting the material in a more logical 
sequence. The direct-current section remains practically un- 
changed, but in the alternating-current section the theory of 
polyphase circuits now follows immediately after the single- 
phase circuit. In this way it is possible to treat the alternator 
and synchronous motor as polyphase machines instead of 
single-phase machines only, as in previous editions. 

Owing to the industrial importance of the polyphase com- 
mutator motor the fundamental principles of operation of this 
class of machine have been added to the chapter previously 
dealing with the single-phase motor only. 

The chapter on Illumination has been removed from the 
direct-current section to a new section at the end of the book, 
and it has been enlarged slightly by the addition of a short 
description of the modern discharge lamp. 

: H. COTTON. 


UNIVERSITY COLLEGE, 
NoTrinaHAM. 


PREFACE 
TO THE FIRST EDITION 


Turis textbook has been written with two main objects in 
view; first, to cover the ground of the more important 
examination syllabuses in Electrical Technology ; and second, 
to be sold at a price which is within the means of all students. 
These two aims are diametrically opposite, but it is hoped 
that both have been fulfilled through the elimination of the 
more elementary portions of the subject, which should be 
thoroughly understood by students reaching this stage, and 
by the non-inclusion of half-tone blocks, which, although 
undoubtedly attractive, are of no real educational value. 

Although the book is written primarily for examination 
purposes, the practical side has been kept in view, and it is 
hoped that it will appeal to practical engineers as well as to 
students. 

The fundamental principles of Electrical Technology, both 
direct and alternate working, are covered, as are also certain 
principles of design, but no detailed designs are worked out as 
these are beyond the scope of the book. The mathematical 
knowledge required of the reader is, on the whole, elementary, 
except in the chapter on “ Electrical Oscillations,” in which 
differential equations are used of necessity. There is a large 
number of worked examples in the text, and most of the 
chapters have questions to be answered; these are mainly 
drawn from examination papers set by the London University 
and by the City and Guilds of London Institute. 

The great majority of the diagrams have been specially 
drawn, but a few have been kindly lent by Messrs. Pitman, 
and others by various manufacturing firms. These are 
acknowledged in the text. 

. H. COTTON. 


UNIVERSITY COLLEGE, 
NOTTINGHAM. ; 
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INTRODUCTION 


1. Electrical Units. 


Unit Magnetic Pole is that which, when placed at a distance of 1 centimetre 
from a similar pole in air, is repelled with a force of 1 dyne. 

Unit Magnetic Field Strength. A magnetic field has unit strength when 
& unit magnetic pole situated in the field is acted on by a force of 1 dyne. 

Unit Current is that current which, when flowing in a conductor of unit 
length bent in the form of an arc of a circle of unit radius, produces a magnetic 
field of unit strength at the centre. The current so defined is the absolute 
unit. At one time this was considered too large, and one-tenth of this was 
taken as the practical unit. The practical unit is the ampere. 

The International Ampere is the unvarying current which, when passed 
through a specified solution of silver nitrate in water, deposits silver at the 
rate of 0-001118 of a gramme per second. The international ampere is 
equal to 0-99997 amperes and 0-99997 x 10-1 absolute units. 

Unit Quantity of electricity passes across the cross section of a conductor 
when unit current flows for unit time. The practical unit is the coulomb, 
this being the quantity which passes when 1 ampere flows for 1 second. 

Unit Potential Difference. The unit of potential difference (P.D.) exists 
between two points if unit work is done in transferring unit quantity from 
one to the other. If 1 erg of work is done when 1 absolute unit of current 
flows for 1 second, the P.D. between the two points is 1 absolute unit. This 
unit is too small for practical purposes, the practical unit, the volt, being 
equal to 10° absolute units. The volt is also the P.D. required at the ends 
of a practical unit of resistance (see below) to produce a current of 1 ampere. 
The international volt is the P.D. which, applied to a conductor of 1 inter- 
national unit of resistance (see below), produces a current of 1 international 
ampere. The international volt is equal to 1-00049 volts or 1-00049 x 108 
absolute units. 

Unit Resistance. A conductor has unit resistance (absolute) if an amount 
of energy equal to 1 erg per second is expended in sending 1 absolute unit of 
current through it. This unit is very small, and the practical unit, the ohm, 
is equal to 10° absolute units. The international ohm is the resistance offered 
to an unvarying electric current by a column of mercury at the temperature 
of melting ice, 14-4521 grammes in mass, of constant cross section, and of 
length 106-300 centimetres. The international ohm is equal to 100052 ohms 
or 1-00052 x 10° absolute units. 


2. Work and Power. 

Power is the rate of doing work. If a quantity Q of electricity is passed 
through a circuit against a P.D. of H, then the work done is equal to HQ. 
The power is therefore HQ/t. But Q/t is the current. Hence, power is equal 
to HI. The absolute unit of power is the erg per second, and the practical 
unit is the wait. 

1 watt = 10° x 107! = 10” absolute units. 
= 107 ergs per sec. 
= 1 joule per sec. 


1 
Also 1 watt = 746 0f a hp. 


1 kilowatt (kW) = 1,000 watts. 
xi 
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From the relationship J = E/R, we have 
Power W=EHI 

== H3/R 

= JEN Es 
The unit of energy or work done has been fixed by the Board of Trade 

as the energy supplied in 1 hour when the power in the circuit is 1 kW. 
Hence, energy = kW. xX hours | 
= 1-34 xX h.p. hours, 


It is to be remembered that when the temperature of a body is raised, the 
necessary heat entails the expenditure of an equivalent amount of energy. 
If the heat H is measured in gramme calories, J is the mechanical equivalent 
of heat, and the energy is measured in watt-seconds or joules; then 


JH = watt-seconds 
= (watt-seconds < 10’) ergs. 
‘But J is numerically equal to 4-2 x 10’ 
.. 42 X 107 H = watt-seconds x 10’ 


watt-seconds 


or H= ne 


3. Capacitance. 


The capacitance, C, of a condenser is defined as the quantity of electricity 
necessary to produce a P.D. of 1 unit across its plates. 


Se oe dceaalh 

The practical unit is the farad. Now the coulomb is equal to 10-1 absolute 
units, while the volt is equal to 108 absolute units. Hence, 

10-1 : 
the farad = an = 10-° absolute units. 

When the capacitance of a condenser is calculated from its dimensions the 
result is given in electrostatic units, the dimension of the electrostatic unit of 
capacitance being the cm. The absolute unit is an electromagnetic unit, and 
therefore, to convert from cm. unit to farads it is necessary to make use of the 


relationship between the electrostatic and electromagnetic units. It can be 
shown that 


Electromagnetic unit _ Electrostatic unit 
of capacitance of capacitance X (velocity of light)? 
= Electrostatic unit x (3 x 101°)8 
Farads = Electromagnetic units x 107° 


.. Microfarads (uF.) = Electromagnetic units x 10°° x 107° 
= Electrostatic units x 107% x (9 x 10%) 
= Electrostatic units x 900,000 


ExamPie. Deduce an expression for the capacitance per mile of a concentric 
eable having an inner conductor of diameter d, an outer conductor of inside 
diameter D, and a dielectric of S.I.C., x. 
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Such a cable constitutes a cylindrical condenser, for which we have the 
well-known formula 


K ‘ ; 
C= —— > Clectrostatic units per cm. length 


2 log, rs 
2-54 x 12 x 5280 
i ea ee ES D electrostatic units per mile 
log, a 
2-54 x 12 x 5280 
SS eae * _ electrostatic units per mile 
2X 23 
log 10 a 
2-54 x 12 x 5280 K : 
2x 2-3 x 900,000 * De rae 
logo Pa 
-039 
= => uF. per mile. 
logio > 


4. Resistance of Conductors. 
The resistance of a conductor of length / and uniform cross section a is 
given by the expression 


net 
a 


where p is a constant for any material at a constant temperature. This 
constant p is called the specific resistance or resistivity. The numerical value 
of p for a given conductor depends upon the units of / and a. If cm. units 
are used then p is in ohms per centimetre cube, whereas if inch units are used 

is in ohms per inch cube. The numerical value of either unit is so very 
small that it is usual to express the specific resistance in microhms per cm. 
cube or per inch cube. The following values are useful— 


Specific Resistance at Temperature 
60°F. or 15-6°C. Coefficient. 
Material. SS ee 
Microhms Microhms |} Per °C. at | Per °F. at 
per cm. cube. | per in. cube. 15-6°C. 60°F. 
Copper (annealed) . 1-696 -668 *401 x 1074) +223 x 107? 
Copper (hand drawn) . 1-731 -681 401. _,, SD, See 
Silver (annealed) 1-560 614 +37 Ou oss -209 ,, 
Aluminium ; : 2-91 1-146 oS cae o) ars 
German Silver (50%Cu, 
30%Ni, 20%Zn) . 30 11:8 04 ” 02 ” 
Manganin (84%Cu, 
12%Mn, 4% Ni). 44 17:3 00 -—C t=, “OOM: 
Eureka (60%Cu, , 
40 %Ni) 5 . 49 19:3 007,56 4 S00 «ss 
Graphite . A -| 3,000 1,200 -05 , |--03 ,, 


ae Se a ee ee eS ee eee eee 
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The specific resistance of most conductors increases with increase in 
temperature, exceptions being one or two alloys which have a negligible 
temperature coefficient, and carbon which has a negative temperature 
coefficient, its specific resistance therefore decreasing with an increase in 
temperature. For the range of temperature found in electrical machinery 
the law connecting resistance and temperature, t, can be regarded as linear. 


Thi R, = resistance at ¢,° 
R, = resistance at ¢,° 
Then R,= R, {1 + a(é,—- ¢,)} 


where a is a constant called the temperature coefficient. Using this expression, 
the mean rise of temperature of a winding can be determined very accurately 
from resistance measurements made at the beginning and end of a run. 


If R, and R, are the initial and final resistances, then 
Rise of temperature (#,—t,) = R,- Ry 
Rya 


5. Insulators. 


An insulator is a substance whose specific resistance is so very many times 
greater than that of a conductor, such as copper, that it can almost be 
regarded as a non-conductor. The most important property of an insulator 
is its disruptive or dielectric strength. This is a measure of its ability to resist 
breakdown under the application of a high voltage, and is usually expressed 
in kilovolts per mm. or per mil thickness. The numerical value of the 
dielectric strength is of little value unless the following additional data are 
specified—(a) shape of the electrodes; (b) duration of the application ; 
(c) frequency and wave form of the pressure if made with alternating voltage. 
It is necessary to specify the shape of the electrodes, since this governs the 
distribution of the electrostatic field in the material, and the breakdown is 
obviously determined by the maximum and not the average value of the 
potential gradient. It is also desirable to specify the thickness of the test 
piece, because the breakdown voltage is not proportional to the thickness. 
The relationship between breakdown voltage H and thickness can be expressed 
with fair accuracy by either 


HE= AX e , , 5 -Baur’s Law 
or H= B+Ct 


where A, B, and C are constants for a given material. . 

The specific resistance of practically all insulators decreases rapidly with 
increase of temperature. The ratio of the specific resistances at 20°C. to 
the values at 30°C. for various insulators ranging from 1-0 to 2-0 for mica 
to 16-0 for yellow beeswax. 

If the temperature becomes so high that softening or oxidizing takes 
place, insulators usually become unfit for further use, for which reason it is 
necessary to limit the temperature rise of all insulated conductors. 

The properties of the more important insulators are given in the table on 
page xii. They can be roughly classified as hygroscopic or non-hygroscopic. 
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CHAPTER I 
ELECTRO-MAGNETISM 


1, Production of Magnetic Fields by Electric Current. Whenever a 
current-carrying conductor is situated in a magnetic field and is 
arranged at right angles to the lines of force, a mechanical force acts 
on the conductor, the direction of this force being given by the well- 
known “left-hand” rule. The magnitude of the force is given by 


F = BIl dynes : 
where B = flux density in lines per 
sq. cm. 


J = current in electromag- 
netic c.g.s. units or ab- 
amperes. 

1 = length of conductor in 
cm. 

If this conductor is moved in the 
field so as to cut a total flux of 
@ lines of force, then work has to 


: ; Fia. 1. M TIO FIELD OF A 
be done by (or against) this force = ea Cnethodnon 


F,, the work done being equal to 


w = OI ergs. 

Now consider a long straight conductor carrying current and 
influenced by no field other than that produced by the current. 
The lines of force of this field are circles having their plane perpen- 
dicular to the conductor, and their centre at the conductor centre. 
Let H be the field strength at a distance r cm. from the centre. 
Then, if a unit north pole is placed at this distance, the force acting 
on it will be H dynes tangential to a line of force, Fig. 1. Hence, 
if this unit north pole is moved once round the circle ot radius r 
against this force H, the work done will be 


w = H X 2ar ergs. 
1 
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But 47 lines of force emanate radially from a unit pole, and, in one 
tour of a circular line of force of the conductor’s field, each of these 
47, lines will have cut the conductor once. 


= OI = 4zal ergs. 
2arH = 4nI 
Ae Af dynes. 


Fae 
a 


mae 
ie 


Bs ae fr ba oS se 
Bae bee esi ei ea 
Fiq. 2. Magnetic Fretp EXTERNAL TO A STRAIGHT 
ConNDUCTOR 


If the wire is surrounded by a medium of magnetic permeability 
unity then B = H, and 
yee 
r 
If the current is expressed in amperes, then since this practical unit 
is one-tenth of the c. 8.8. unit we have 
B= 221 
ye 
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This refers to the magnetic field external to the conductor. Let 
the conductor radius be a cm., then, if the current density is uniform 
over the cross section, the current enclosed by an internal line of 
force of radius r(< a) will be 


ri 
feared ee a 
and the field strength at a distance r from the axis will be 
yxalevahentidle! 
a a uals 
2Ir 
~ a 
Also B =H = = 
a 


assuming the conductor has 
unit permeability. 

The flux density inside the con- 
ductor is thus a linear function 
of the distance r from the axis. 
Just at the surface where 


r= 4d, 


we have B=H== 


The direction of the lines of 


“age ds’ 
force is given by the well- Fig. 3. Crrcutar Conpvucror 
known corkscrew rule. 

Fig. 2 shows the variation of flux density with distance for a 


conductor of radius 1 cm. carrying a current of 1,000 amperes. 


2. Field due to a Circular Current. Fig. 3 shows a circular con- 
ductor carrying current. Considering an element ds of conductor 
the field strength at a distance r is given by Laplace’s law, viz. 


I . ds. 
2 


Applying this to a point A distant x from the centre, the direction 
AO being perpendicular to the plane of the coil, we have for the 
field strength at A due to the element dS 


dH = 


1-2 slong the direction AB. 


2—(T.5432) 
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Component of this along AO = see: sin 0 
: I .ds 
Component perpendicular to AO = 72 008 6 


and acts along AD. Now if we take the diametrically opposite 
elements ds’, the perpendicular component will be equal in magni- 
tude to that due to ds but will act along AF, these two components 
thus neutralizing one another. Hence, if we consider the whole 
circle as made up of pairs of diametrically opposite elements, we see 
that the total perpendicular component will be zero. The total 
field strength at A is thus the sum of all the axial components. 


‘ei Fyfe heed ads 
: r 
= i = e XxX 20a 
S 
_ 2nIa* 2a La? 
ig (a2 + a:2)5 
At the centre of the circle 
ig = ((). 
and (P= is 
- 7 oe. 
a 
If the current is expressed in amperes then 
2a Ta* 
Cre) 


3. Field due to a Solenoid. Let the solenoid be of length J and 
radius a and let it be uniformly wound with WN turns. Then there 
will be N/? turns per unit 
length, and in an element. of 
length dz, Fig. 4, there will 
be Nda/l turns. Now an ele- 
ment of length can be regarded 
as a coil such as that in § 
2, and therefore the field 
Fig. 4. SELF-INDUCTION or A Souunorp Strength at the centre due to 

the element dz is 
ie eae 


dH = InIl Xx ——9% sin 
l r2 


_ 22IN sin? 6da 
al 
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Now x =acoté 
a 
=~ neg 7. 
Hes eiakasabls Sig 
Te sin 000 
ie 0] 
l nu a 
_ 4aIN cos a 
ay 1 


If the solenoid is very long, the angle a is very small and cos a 
approximates to unity. The expression then becomes 
4nIN 
l 
This expression is of very great practical importance. If I is in 
amperes then 


A= 


ArINS 5 op i 


ce ai i 


4. Force Between Two Paral- 
lel Current-carrying Conductors. 
Two parallel conductors are 
shown in Fig. 5, and it will be 
clear that either conductor can 
be considered as being sit- 
uated in the field of the 
other. Thus conductor A is in 
a field of strength. 


H = = due to conductor B. 


*, Force acting on A 
f= Bil = Hil in air 
2 ) 
= 2L*l dynes, when 7 is Force Force 

in ¢c.g.s. units. 


An equal force acts on con- 
ductor B. If the currents are 
‘in the same direction the left-  fyg. 5. Mecnantcat Force BETWEEN 
hand rule shows that the two PARALLEL CoNnDUCTORS 
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forces produce attraction between the conductors, while if the 
currents are in opposite directions then the conductors repel 
one another. 


Example. Two long parallel conductors, each carrying 500 amperes in the 
same direction, are spaced 6 in. apart. Calculate the force per foot run acting 
on each conductor. 


I = 500 amperes = 50 c.g.s. units. 
1 = 12 x 2-54 cm. 
r= 6 X 2-54 cm. 
. pu 2X 50 x 50 x 12 x 2-54 ayned. 
ine 6 x 2-54 
= 10,000 dynes per foot run 


= 10-2 gm. weight, or 0-0225 lb. weight. 


5. The Magnetic Circuit. The path of the magnetic flux is spoken 
of as the magnetic circuit. Just as a flow of current in the electric 
circuit necessitates the presence of an electro-motive force, E.M.F., 
so the production of a magnetic flux requires the presence of a 
““magneto-motive force,” M.M.F. Consider a uniform solenoid 
of length / cm., cross section a sq. cm., and having N turns. Then, 
if it is carrying a current of J amperes, the field strength inside 
is given by 


Calling the product of the current and the number of turns the 
‘“‘ ampere-turns,” AZ’, we have 


H= sexe lines per sq. cm. 


If the solenoid is wound on a magnetic substance of permeability p, 
then the flux density or induction density in the core is given by 


B= pH 
ss lta td lines per sq. cm. 
I] 
Hence the total magnetic flux through the core is given by 
® = Ba lines of force 
(1:26 x AT 


.O= A 
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Now in the electric circuit the resistance of a conductor of 
length J, cross section a, and specific resistance p, is given by 


R= ee 
a 


1 
= — ohms 
ao 


where go, the reciprocal of p, is the specific conductivity. Hence, 
from Ohm’s Law, we have current 


Si l/ao 


Comparing these expressions for flux and current, we see that 
they are analogous, and we have 


M.M.F. = 1:26 x AT 
Reluctance = oe 
ap 


The magnetic reluctance is analogous to resistance in the electric 
circuit, M.M.I. is analogous to E.M.F., and flux is analogous to 
current. It is useful to bear this analogy in mind when making 
magnetic calculations, but it is not complete, for the following 
reasons— 

(a) The electric current is a true “ flow ” but there is no flow in 
a magnetic flux, the word “ flux” being, therefore, misleading in 
this respect. 

(6) Fora given temperature, the quantity o, or its reciprocal p 
in the expression for electrical resistance, is independent of the 
strength of the current, but the magnetic permeability mu is not 
independent of the total flux. 

(c) In the electric circuit energy is expended so long as the 
current flows, but in the magnetic circuit energy is expended only 
in creating the flux, and not in maintaining it. 

From the equation 


HE 1:26 AT 
U 
we have, ampere-turns per cm. length, at, 
Pe athe ob 
1 
25H 
mp OT: 


= ‘8H very approximately. 


8 ELECTRICAL TECHNOLOGY 


Example. An iron ring, 100 cm. mean circumference, is made from round 
iron of cross section 10 sq. cm.; its permeability is 500. If it is wound 
with 200 turns, what current will be required to produce a flux of 100,000 
lines ? 


~ eross section 10 
H = B/u = 10,000/500 = 20 
, Ampere-turns per cm. length 
at = ‘8H = 16 


The length of the magnetic path is the circumference of the ring, 
and therefore 


AT =at xl 
= 16 x 100 = 1,600 


.. Current required = = = —— = 8 amperes. 


6. Magnetic Leakage. Fig. 6 
shows a magnetized iron ring with 
a narrow air gap, and the flux which 
crosses the gap can be regarded as 
the “useful” flux. Some of the 
total flux produced does not cross 
the gap, but takes instead leakage 
paths, as shown by the dotted lines. 
For the purposes of calculation it is 
assumed that the iron carries the 
whole of the total flux throughout 
its entire length. The ratio 


Total flux 
Maanetic LEAKAGE Useful flux 


is called the “ leakage factor.” 


Example. The iron ring in the first example has a saw cut 2mm. wide 
made in it. Find the current required to produce the flux of 100,000 lines 


across the air gap, given that the leakage factor is 1-3 and that the iron is 
such that when B = 13,000, uw = 300. 


The ampere-turns for the gap and for the iron are calculated 
separately. 
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Flux through gap = 100,000 lines 


: 100,000 : 
B in gap —— io 10,000 lines per sq. cm. 
: 10,000 : 
H in gap = Blu= oes 10,000, since u=1 for air 
at = -8H = 8,000 
..AT, for gap = 8,000 x -2 = 1,600 


Flux through iron = useful flux x leakage factor 


= 100,000 x 1-3 = 130,000 lines 


..B in iron = ee = 13,000 lines per sq. cm. 
[ _ 18,0 
: a = 399 = 43:3 
..at, for iron = -8 x 43-3 = 34:6 
“AT, for iron = 34-6 x 99°8 
= 3,450 


.. Total ampere-turns = 1,600 + 3,450 = 5,050 


5,050 
.. Current oo be 25-3 amps. 


7. Magnetic Circuits in Parallel. We see from the above example 
that when the different parts of a composite circuit are in series, 
that is, when they carry the same flux, the total M.M.F. required 
to produce a given flux is the sum of the M.M.F'\s for the separate 
parts. If the different parts of a circuit are in parallel, then the 
necessary M.M.F. is that which will produce the required flux in 
one part of the circuit considered by itself. This is best illustrated 
by the calculation of the ironclad magnet shown in Vig. 7. The 
number of ampere-turns to produce a useful flux of 750,000 lines 
in the air gap is required, the leakage factor being taken as 1-4, 
‘and the permeability of the iron, 600. There are two magnetic paths 
in parallel, one being shown by the dotted lines, and it is therefore 
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necessary to consider one circuit only. The calculation is made 
in tabular form below. 


Part of Area Length Flux Flux density H at Af 
Circuit. a. i . B=Q/a. |= Bfy.| = -8H |=at x 1. 
Poles. . | 12sq.in. | 2 X 6in. 750,000 13,600 lines 
= 77°5 = 30-4 x 14= per sq. cm. 22-7 18-2 553 
8q.cm. cm. 1,050,000 
Air Gap . 77:5 Zin. 9,700 lines H=B 
8q. cm, = 1:27 750,000 per sq. cm. = 9,700] 7,760 9,860 
cm. 
Yoke. .{| 68q.in. Path % X flux 
= 38:8 | ABCDEF | per pole 13,600 22:7 18-2 950 
sq. cm. 204 in. = 525,000 
= 62cm. 


Total Ampere-turns = 11,360 


Note that the magnetic calculations are never made beyond four 
significant figures. 


The method of calculation for a generator field magnet is given 
in Chapter ITT. 


Fie. 7 
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8. Lifting Power of an Electro-magnet. It is shown in par. 10 that 
the energy stored in a magnetic field in air is B?/8a ergs per cc., 
where B is in lines per sq. cm. Consider two poles arranged in 
Fig. 8. Let each have an area asq. cm. and let P be the force of 
attraction in dynes between them. Let one pole be moved a very 


small distance dx against the force P, then work done is obviously 
Péx ergs. 
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But the volume of the magnetic field is increased by adzx ce. 
and therefore the energy stored in the field is increased by 
B?/8r Xx adz ergs. 

This is obviously equal to the work done in separating the 
poles so that 


2 
Pédx -= xX ada 


T 


Bra 

P= ae dynes 

eee A 
= 82 x 981 grammes wt. 


= Bra 
~ Sa X 981 x 454 


Ba 
or 11,200,000 lb. wt. 


B still being in lines per sq. cm. 

Owing to their enormous lifting powers, electro-magnets are 
used commercially for handling heavy magnetic materials such as 
steel rails and girders, castings, etc. The type used for lifting 
irregular scrap is illustrated in Fig. 9. 

9. Action of Iron and Steel under a Varying Magnetizing Force. 
Consider a straight solenoid having first of all a no-nmagnetic core. 
If current is passed through the solenoid a magnetic field will be 
set up, whose value inside the coil will be given by 


126 x AT 1-26NI 
“See. ie 


H 


This field is a measure of the magnetizing force set up by the 
coil and we see that it is proportional to the current. The total 
number of lines of force is equal to the field strength H multiplied 
by the cross section of the solenoid. Now suppose that an iron 
core is substituted for the non-magnetic core, then there is imme- 
diately an enormous increase in the total number of lines of force 
due to the lines set up by the induced magnetism in the core. 
If 7 is the intensity of magnetization of the core, that is, the pole 
strength per unit area, then the number of lines per sq. cm. in the 
core due to the induced magnetism is 47.4%. The flux density, B 
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in the core is the sum of the lines per sq. cm. due to the original 
field and the induced magnetism, so that 


B=H+tnr JZ 
and, as stated before, the permeability is given by 
Be be 


Lara iene! 


ck Eee ei 
mis = 

ee as | 
i ee | 
/ peas 9 
4 HE rota 


Induction Density in Lines per Square Centimetre 


Magnetizing Force (H) in C.G.8. Units 


0 10 20 30 40 50 60 70 80 90 
Ampere-Turns per Centimetre of Length 
Fra. 10 


MAGNETIZATION CURVES FOR IRON AND STEEL 


If Z is increased from zero to a high value, and B plotted against 
H, the shapes of the resulting curves for different materials are 
shown in Fig. 10. It will be noticed that the curves are first of all 
approximately straight lines through the origin, showing that B is 
roughly proportional to H. Then the curves begin to turn over, 
forming a “ knee,” and finally they become almost horizontal and 
exhibit very little increase in B for a large increase in H. In this 
final state the iron is said to be “‘ saturated,”’ and the phenomenon 
of saturation is explained by the molecular theory of magnetism, 
by the assumption that all the molecular magnets are pointing in 
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the same direction. It is useful to memorize the saturation values 
and the “knee” positions, since from these the curves can be 
reproduced roughly. 

10. Cycles of Magnetism. If the magnetizing force applied to a 
specimen of iron is increased from zero to some maximum value, 
and the force is gradually reduced again to zero, it will be found 
that the new B-H curve for decreasing values of H lies somewhat 


Hystrrzrsts Loop ror Wrovuaut IRon 


above the original curve, and that when H is zero again B is finite. 
This effect is called hysteresis, since the values of B apparently lag 
behind those of H. The finite value of B when H is zero, OR in 
Fig. 11, is a measure of the residual magnetism. In order that the 
iron may be demagnetized it is necessary to apply a negative 
magnetizing force represented by OC. This negative force is called 
the coercive force. If now H is increased in this negative direction 
to its previous maximum value, the curve will reach a point D, at 
which the induction is equal to the previous maximum value, Bop 
If, finally, H is gradually reduced to zero, reversed, and increased 
to its maximum value in the original direction, the curve DEF A 
will be traced out, the complete curve forming a closed loop, usually 
called a hysteresis loop. It will be seen that to take the iron 
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through the various states represented by this loop, an alternating 
magnetizing force has been applied. If these alternations are 
maintained, the value of B,,,, being the same during each cycle, 
then the iron will continue to go through the same series of changes. 

The hysteresis loop can be regarded as a magnetic indicator 
diagram, and from this analogy we should expect that during each 
cycle an amount of energy represented by the area enclosed by 
the loop is expended. This is the case, as can be proved as follows. 
Suppose that the specimen is a ring of mean circumference / cm. 
and cross section asq.cm., and let it have N turns. If the value 
of the magnetizing current at any instant is 1* the magnetizing 
force will be 


H =~ x Se a Tit i is in amperes 
and 47Ni/I if ¢ is in c.g.s. units. 
If the value of the induction 
at the instant considered is B, 
then flux through the ring = 
Ba. Since the flux threads, or 
links with, the coil, an E.M.F. 
will be induced in the coil of 
magnitude. 
e = No. of turns x rate of 
change of flux 
¢.g.8. units 


ed LL, 


ely x Lot Ba 


dB H 


— N ax “a Fie. 12 
t 
Now the current i flowing at that instant will be opposed by this 
induced E.M.F., and therefore power will have to be expended in 


order to maintain the increase int. We have 


: ._ la dB 
Power at any instant = e = 7 x pee aa. 
Hence, work done during a small interval of time dt 
la dB 
mins rye x H ida. . di 


. Total work done 
es . m HdB. 
4a 


* Small letters are used to denote instantaneous values of the current and 
voltage. 
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We see from Fig. 12 that HdB is the area of an elementary strip of 
the B-H curve, and therefore fHdB for a whole cycle is the area 
enclosed by the loop. 

Again, la is the volume of the ring. 


Area of loop 


.. Work done per cc. = re 


The area of the loop is obviously measured in units of H and B. 
Thus, if one square on the diagram represents 1 unit of H and 
100 units of B, its area will be 100. If H and B are in c.g.s. units, 
i.e. lines per sq. cm., then the above expression will give the work 
done in ergs per cc. pet cycle. This work done in taking a specimen 
of iron through a cycle of magnetism is waste energy, since it becomes 
converted into heat, and it is therefore spoken of as the hysteresis 
loss. 

Suppose the ring were non- 
magnetic (air, for example), 
then, since B = H for such 
materials, the B-H curve is 
a straight line through the 
origin (Fig. 13). Therefore, 
work done in increasing the 
flux density from zero to 
some value B. 


la la 
z, | #aB = g, | Ba 


Work done per cc. = 
energy per cc. of the magnetic 


field 
1 


1 1 
= — B? 2 
an B? or 37 H? ergs. 


In all classes of electrical machinery some part of the magnetic 
circuit is taken through rapid reversals of magnetism. Hysteresis 
loss therefore takes place, and in order that the efficiency and tem- 
perature rise of the machinery may be calculable it is necessary 
to know this loss. If the shape of the loop is known, then the loss 
can be calculated by determining the area of the loop, but this 
method, although suitable for testing specimens of iron, is not so 
suitable for calculations on machines. It is, therefore, preferable 
to use the method discovered by Steinmetz. He found that the 
hysteresis loss per cc. per cycle is very closely represented by an 
expression of the form of 1 Bmer ergs, where 7 is a constant 
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called the hysteresis coefficient, and whose value depends upon the 
mea Hence, if the material is taken through f cycles per 
second, 


Hysteresis loss per cc. = nB f ergs per sec. 
= nBr fx 10° watts 
And for a volume of v ccs., 
Hysteresis loss = nrfB,-, x 10-7 watts. 
Values of the hysteresis coefficient for different materials are given 


in the following table. These figures are taken from Specification 
and Design, by Miles Walker. 


Material. Hysteresis Coefficient. 

Hard cast steel . 4 0-028 

Cast steel . 5 3 r 0-003 to 0-012 
Cast iron . = : ; 0-011 to 0-016 
Very soft iron . 3 5 0-002 

Good dynamo sheet steel . 0-002 

Silicon steel (-2% Si) . : ~ — 0-0021 
Silicon steel (4:8% Si). , 0-00076 


Example. A cylinder of iron of volume 10,000 ces. revolves for 30 minutes 
at a speed of 3,000 revolutions per minute (r.p.m.) in a two-pole field of 
strength 8,000 lines per sq.cm. If the hysteresis coefficient of the iron is 
0-003, the specific heat of iron is 0-11, the loss due to eddy currents is equal to 
that due to hysteresis, and 30% of the heat produced is lost by radiation, find 
the temperature rise of the iron. 

Taking the density of iron as 7-8, we have for the mass of the 
iron 78,000 grammes. Hence, if ¢°C. is the temperature rise, heat 


pobained py She iron = 78,000 x O-1l x t = 8,580 # calories 


.. Total heat produced = eo = 12,250 ¢ calories 


= 12,250 x 4-2 x 10’ x tergs. 
Again, hysteresis loss = nBy* , ergs per ce. per cycle 
.. Total hysteresis loss == -003 xX 8,0001° x 10,000 
x (30 x 60 x f) ergs 
Now in a two-pole field there is one magnetic cycle per revolution. 
.. f = 3,000 cycles per min. = 50 cycles per sec. 


.. Total hysteresis loss = 475 x 10” ergs 
.. Total loss = 950 x 10” ergs 
“. 12,250 x 4:2 x 107 x t = 950 x 10” 

gitar ie thal OP 


If the hysteresis loops for different kinds of iron and steel are 
examined it will be found that they can be separated broadly into 
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three groups, of which the typical loops are as shown in Fig. 14. 
Loop 1 is for hard steel, the large value of the coercive force 
indicating that this 
material is suitable for 
permanent magnets. 
The area of the loop is 
also large, thus show- 
ing that hard steel is 
not suitable for rapid 
reversals of magnet- 
ism. Loop 2 rises very 
steeply, showing that 
the permeability is 
high, and its large in- 
tercept on the B axis 


2 3 indicates a good re- 

Fia. 14 tentivity. This loop, 

Snares oF Hysterests Loops ror Dirrerent which is typical of 
MATERIALS wrought iron and cast 


steel, shows that these 
materials are suitable for the cores of electro-magnets. The 
characteristic feature of loop 3 is its very small area; at the same 
time it rises steeply, indicating a high permeability. The material, 
alloyed sheet steel, which has such a loop, is therefore suitable for 
all purposes where the iron is subjected to rapid reversals of 
magnetism, as in armature and transformer cores. 

11. Determination of B-H Curves. Probably the most important 
method of determining 
a B-H curve is the Bal- 
listic method, so called 
because a ballistic gal- 
vanometer is used. The 
classical form of speci- 
men is that of a ring 
and the radial thick- 
ness is preferably kept 
small compared with 
the diameter, so that 
H will not vary appre- 
ciably over the cross 
section. The ring has 
two windings, one, the 
TPR NeAE Mibatne Bauuistic MetsHop or DETERMINING 
distributed over the Maahanienumott nos 
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whole circumference © 
as evenly as possible; the other a secondary winding having 30 or 
40 turns. The magnetizing coil is connected to a direct current 
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supply through an adjustable resistance R (Fig. 15). An ammeter, 

1, measures the current, and a reversing switch, K, is included, so 
that the magnetizing current can be reversed. The secondary is 
connected to the ballistic galvanometer, and a resistance box, RB, 
and a calibrating coil, CC, are included in this circuit. The coil 
CC is placed in the middle of a large solenoid whose equipment 
is similar to that of the magnetizing coil for the specimen. 


Let N, = No. of turns on magnetizing coil 
1 = mean circumference of specimen in cm. 
a = cross section in sq. cm. 


Then for any magnetizing current J, the magnetizing force 
Hick 1-26 NI 
l 

If, for any value of J, the switch K is reversed, the flux density B 
inside the ring is reversed, and it therefore changes from + B 
to — B, a change of 2B. Hence, the change of flux in the ring is 
2Ba, and if this change takes place in a small interval of time dt, 
then ‘ 

Rate of change of flux = 2Ba/dt 
Hence, if the secondary coil has NV, turns, 


E.M.F. induced in the secondary, e = N, X ae 


If the total resistance of the galvanometer circuit is R, the average 
current through the galvanometer will therefore be 
2BaN , 
R. ot 
Hence, quantity of electricity 
= Average current x dt 
_ 2BaN , 
ae. 
Now the “ throw ” of a Ballistic galvanometer, when corrected for 
logarithmic decrement, is proportional to the quantity of electricity 
which passes through it, provided that this quantity has passed 
through in a small interval of time, a condition which holds in this 
case. Hence, if @ is the corrected throw and K the galvanometer 


constant, 
Quantity of electricity = K x 0 


_ 2BaN, _ 
f° Aoi p = K6 
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In order to be able to calculate B it is necessary to know the 
constant K. This constant must be determined under the actual 
conditions of the experiment, since it may vary if these conditions 
vary. It is determined by means of the calibrating coil, CC. A 
current, J, say, is passed through the large solenoid in which CC 
hangs, and it produces through CC a field of strength 1-26N 31 ,/l,, 
where N, and J, refer to the solenoid. If CC has a cross section 
of a, the flux through it will be 1:26N,a,J,//,, and on reversing the 
switch K, there will be a change of flux through CC of 


2-52. sol 4 
by 
Hence, if CC has N, turns, the quantity of electricity which will 


pass through the galvanometer on reversing K, will, by the same 
reasoning as before, be 


2:52N ,N dol, 
LR 

If the corrected galvanometer throw when K, is reversed is y, then 
2:52N ,N al, ie 

1,R se 
2-52N,N ,aol, 

Lip 

Substituting this in the expression for B, we have 


_ (1-26N,Na,1, 
Ba} Niep oot 


Kq@ 


K= 


All the terms in the expression in the brackets are known, and 
therefore B can be calculated from observed values of 0. If it is 
not required to determine a hysteresis loop, the magnetizing 
current J is given a series of gradually increasing values, and the 
throw observed on reversing K,. It will, of course, be necessary 
to make a preliminary test in order to be sure that the throw is 
of suitable magnitude when K, is reversed with J at its highest 
value. Before taking observations it will then be necessary to 
demagnetize the iron, this being most easily accomplished by 
applying a gradually decreasing alternating potential to the 
magnetizing coil. 

If it is required to take the iron through a complete loop, then 
the procedure is somewhat different from the above. The current 
is suddenly increased in small steps and the galvanometer throw 
noted at each increase. Obviously for any given current the 
throw from which the corresponding flux density is calculated is 
the swm of all the previous throws, since the throw is only pro- 
portional to the change in flux and not to the total flux. When 
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the maximum current is reached, the current is reduced in small 
steps and at last brought to zero. Then K, is reversed and the 
current increased in steps again until the same maximum value 
has been attained. This procedure is followed until the complete 
loop has been traced out. Reversed galvanometer throws will 
obviously be experienced when B is being reduced. These are 
reckoned negative, and the total throw from which B is calculated 
at any step'is the algebraic sum of all the throws up to that 
point. 

12. Magnetic Potentiometer Method. The great disadvantage of 
a ring specimen from the practical point of view is that the specimen 


Magnetic 
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L | ay 
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Winding 
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itself is expensive, whether solid or whether made up of laminations, 
and, in addition, a separate magnetizing winding, put on by hand, 
is required for each one. 

Practical methods involving samples, as distinct from materials 
in bulk, therefore require a more convenient shape, as, for example, 
a short rectangular bar.* In the Illiovici Permeameter the specimen 
is used to close the magnetic circuit of a massive yoke, as shown in 
Fig. 16. Both specimen and yoke carry separate windings, the 
function of the yoke winding being to provide the ampere-turns 


* For complete information, see Properties and Testing of Magnetic Materials, 
by Spooner; Applied Magnetism, by Wall, or Electrical Measurement and 
Measuring Instruments, by Golding. 
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necessary for the yoke and to two gaps. The specimen is, of course, 
clamped down to the yoke but even then the gap ampere-turns may 
not be negligible, and furthermore will be different for every test. 
Compensation being thus provided for yoke and gaps, it is known 
that ampere-turns of the winding on the specimen will be required 
by the specimen only. The interest of the method lies in the method 
of insuring that the yoke winding carries just sufficient current to 
compensate for the yoke and gaps. The appliance used is the mag- 
netic potentiometer, which is simply a thin strip or rod of flexible 

insulating material wound uni- 

formly with a helix of thin wire. 

This coil is connected to a ballis- 
N tic galvanometer. An E.M.F. will 

be induced in this coil either by a 

change in the magnetizing current 

Fig. 17. Demacnerizive Force Producing the magnetic field in 

which the coil is situated, or by a 
rapid movement of one end of the helix from one point in the field 
to another. It can be shown that the galvanometer throw is pro- 
portional to the change in magnetic potential, this potential being 
given by fHdi*. 

In the above test the magnetic potentiometer is applied to the 
ends of the specimen, as shown in the figure, and is kept in that 
position. In making the test the current in the ammeter A is 
adjusted to give the desired value of H and the throw-over switch 
S placed on contacts aa’. The current in the yoke compensating 
coil is now adjusted by means of £, until, on reversing both currents 
by means of R&S, no galvanometer deflection is noted. When this 
adjustment is made, the magnetic potential between the two ends 
of the search coil will be zero, and therefore the M.M.F. of the coil 
on the specimen will be required to overcome the reluctance of the 
specimen only. The value of H in the specimen is now known to be 


_ 4nNI 
MEAS: 


The switch S is now changed over to contacts 6b’, thus connecting 
the search coil to the galvanometer, and RS reversed. The galvano- 
meter throw is noted, and the value of B calculated as for the 
previously described ballistic test. 

18. Note on Permanent Magnets. Imagine a magnetized bar 
NS, Fig. 17, with a very small cavity in the direction of the lines of 
induction. Then, since.no lines will emerge from the iron into the 


eer theory of the magnetic potentiometer is given in Golding, loc. cit., 
p. : 
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cavity, the walls of this cavity will not exhibit any form of polarity. 
The flux through the cavity will therefore be that corresponding to 
the magnetizing force H set up by the current, and not to the total 
flux density B, and, consequently, if a unit north pole P is placed 
within the cavity, it will be acted on by a force of H dynes. But it 
is clear that the unit pole will be repelled by the N pole of the 
magnetized bar and attracted by the S pole, these two together 
setting up a force H, which is in direct opposition to H. In other 
words, the fact of the bar having polarized ends is responsible for 
the setting up of a self-demagnetizing effect. The magnitude of 
the demagnetizing force for round bars is given by the expression 


where B is the flux density and K is a constant depending on the 
ratio of length to diameter. When this ratio is large, as for long thin 
rods, K is small; for example, if the ratio is 200, the value of K is 
about 0-001. On the other hand, when the ratio is small as for 
short, thick bars, then K is much greater. Thus where the ratio is 
10, K is equal to 0-2. This means that with short electro-magnets a 
very large proportion of the ampere-turns is required to overcome 
the demagnetizing effect. 

The significance of this in connection 
with permanent magnets is as follows: 
the demagnetizing effect in a closed 
ring is zero, but, in order that the 
magnetic flux may be available, all 
permanent magnets must have a gap, 
thus requiring two polarized ends, and 
so giving rise to self-demagnetiza- 
tion. Consider the portion of the 
hysteresis loop shown in Fig. 18, F!- 18. Ek pega 
and let the magnetization be taken 
to the point P. On removal of the magnetizing force the flux 
density will decrease to OQ in the case of a closed ring, but, in a 
practical form of permanent magnet, the self-demagnetizing effect 
will cause a further reduction to, say, R. If the magnet is jarred, 
there will be a further reduction in flux density, and, without any 
special ageing process, most of the magnetization may be ultimately 
lost. To prevent this, it is usual to age permanent magnets by 
deliberately demagnetizing to some other point S, the corresponding 
negative value of H being now so large that there is little chance of 
further demagnetization. 

Modern permanent magnets are made from an alloy of cobalt and 
iron, this material having a high coercive force, and retaining its 
magnetization over very long periods. The usual flux density is of 
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the order of 5,000, unless the gap is exceedingly small, when the 
small value of H, will permit a higher degree of initial magnetization. 


ExampLes ON CHaprer I. 


(1) A ring-shaped electro-magnet has an air gap 6 mm. long and 20 sq. om. 
in area, the mean length of the core being 50 cm., and its cross section 10 sq. cm. 
Calculate the ampere-turns required to produce a field strength H = 5,000 
in the gap. (Assume the permeability of the iron as 1,800.) (C. and G. I, 
1908.) 

Ans.—2,610. 


(2) An iron ring of 10 in. mean diameter is made from }in. round iron, of 
which the particulars are 


B 10,000 12,000 15,000 


Le 2,500 1,800 600 


If it has a saw cut ;,in. wide and its leakage factor is 1-25, calculate how 
many ampere-turns are required to produce a flux density in the gap of 
11,000 lines per sq. cm. 

Ans.—2,195. 


(3) A circular lifting magnet of the type shown in Fig. 4 has a diameter 
of 50 in., the inner circular pole is 16 in. in diameter, and the outer annular 
pole has the same area as the inner one. The mean length of the magnetic 
path through the magnet is 60 in., and the permeability of the steel can be 
taken as 1,000. If it is lifting steel plates of negligible reluctance, and 
the plates are separated } in. from the magnet poles, find the ampere-turns 
necessary to produce a flux density in the poles of 10,000 lines per sq. cm. 


Ans.—11,350. 


(4) Calculate the force of attraction between the magnet and plates in 
the above example. 


Ans.—23,200 lb. 


(5) Find the force of attraction in pounds weight between the square- 
faced ends of two rods of iron placed in asolenoid. The area of the iron rods 
is 6sq.cm., the permeability of the iron is 1,000, and the magnetic 
force produced in the iron by the solenoid is 14c¢.g.8. units. (London 
Univ., 1907.) 


Ans.—105. 


(6) A smooth core armature, working in a four-pole field magnet, has a 
gap (from iron to iron) of 0-5in. The area of surface of each pole is 1 sq. ft. 
The flux from each pole is 7 megalines. Find (a) the mechanical force with 
which the polo attracts the armature ; (b) the amount of energy expressed in 
joules that is stored in the four gaps. (N.B.—746 joules = 550 ft.-lb. at 
London ; 1 ft. = 30:48 cm.; 1 lb. = 453-6 gramme.) (C. and G. TI, 1909.) 


Ans.—(a) 4,710 1b. wt.; (b) 1,065 joules. 


(7) The armature core of a dynamo is a cylinder of length 12 in. and internal 
and external diameters 12 and 7 in. respectively. It rotates at 1,000 r.p.m, 
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in a four-pole field, and from each pole a flux of 1°55 x 10° emerges. Ii 
the Steinmetz coefficient for the sheet iron used in the core is 0-0025, and 
80% of the core is iron, find the hysteresis loss in watts. 


Ans.—101. 


(8) The ascending and descending values of B and H for a half cycle are 
as follows— 


Ascending— 
A 1-9 2 3 4 4-5 
B 0 2,000 5,800 7,000 7,300 
Descending— 
H 25 1 0 -1 -1-9 
B 7,000 6,100 5,300 3,800 0 


Plot the curve and calculate the energy dissipated in hysteresis in ergs per 
ec. per cycle. Calculate also the hysteresis coefficient. 


Ans.—(a) 4,500 ergs; (b) 0:0029. 


(9) Define the terms “‘ Magneto-motive Force,” ‘‘ Magnetic Flux,”’ and 
“* Magnetic Reluctance,” and prove the relation which holds between these 
quantities for a magnetic circuit. 

Estimate the number of ampere-turns necessary to produce a flux of 
100,000 lines round an iron ring of 6 sq. cm. cross section and 20 cm, mean 
diameter, having an air gap 2mm. wide across it. The permeability of the 
iron may be taken to be 1,200. Neglect the leakage flux outside the 2 mm. 
air gap. (London Univ., 1922.) 

Ans.—3370. 


(10) Define hysteresis. Prove that when any material is subjected to 
cyclic changes of magnetism, a loss of energy is involved proportional to the 
area of the hysteresis loop. Calculate the loss of energy caused by hysteresis 
in 1 hr. in 50 kg. of iron when subjected to cyclic magnetic changes. The 
frequency is 25, the area of the hysteresis loop represents 2,400 ergs per c.cm., 
the density of the iron is 7-8. (London Univ., 1916.) 


Ans.— 138,000 joules. 


CHAPTER II 
ELECTROMOTIVE FORCE 


1. Production of an Electromotive Force. An electromotive force 

can be produced in the following ways: (a) by chemical action as 

in a voltaic cell; (b) by the heating of a thermo-junction ; (c) by 

electro-magnetic action. The third method is by far the most 

important, and it has two subdivisions. First, an E.M.F. can be 

produced by the motion of a conductor in a magnetic field ; such 

an E.M.F. can be called a “‘ dynamically induced” E.M.F. Second, 

an E.M.F. is produced when the flux which threads, or links with 

a coil, changes. In this case there is no motion of the coil relative 

to the magnetic field, and therefore the E.M.F. so produced is 

* statically induced.” 

2. Dynamically Induced E.M.F. In Fig. 19 three conductors, 

A, B, and C, are shown in cross section in a magnetic field, and the 

arrows attached to them 

indicate their directions of 

C motion. Conductor A is 

moving in the direction of 

the lines of force and there- 

fore, since it does not cut 

any of them, no E.M.F. is 

induced in it. Conductor 

Fra. 19 B is moving in a direction 

Dynamicatty InpucED E.M.F. perpendicular to its own 

length and perpendicular to 

the lines of force, and consequently, since it cuts the lines of force, 
it has an E.M.F. induced in it, of magnitude 


EH = Hlv c.g.s. units 
= Hlv x 10° volts 


where H is the field strength in c.g.s. units, J the length of conductor 
in cm., and v its velocity in cm. per second. The direction of this 
induced E.M.F. is given by Fleming’s Right-hand Rule (Fig. 20). 
Hold the thumb and first finger of the right hand at right angles and 
bend the second finger so as to point at right angles to the plane of 
these two. Then if the first finger is pointed in the direction of the 
field, and the thumb in the direction of motion, the second finger 
will point in the direction of the induced E.M.F. 

Conductor C in Fig. 19 is moving at an angle @ to the direction 
of the field. In this case the magnitude of the induced E.M.F. is 
proportional to the component of the velocity perpendicular to the 
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direction of the field. The modified form of the E.M.F. equation 
is, therefore, 
E = Hilwsin 6 x 10° volts. 


Example. A conductor 12in. long on the periphery of an armature of 
diameter 18 in. rotates at 1,000 r.p.m. If the field strength under the poles 
is 6,000 lines per sq. cm., find the E.M.F. induced in the conductor. 


The lines of force in the air gap between poles and armature are 
radial, as shown in Fig. 21, and therefore the conductor cuts the 


Kield 


Motion 


Induced EMF 
Fie. 20 
Friemine’s Hanp Rue 


lines of force at right angles. 
H = 6,000 c.g.s. units; 1 = 12in. = 30-5 cm. 
v = X diameter X rev. per sec. 


=a X 18 X 2-54 x “a = 2,390 cm. per sec. 


.. EH = 6,000 x 30-5 x 2,390 x 10° = 4-4 volts. 


3. Statically Induced E.M.F. A statically induced E.M.F. may 
be (a) “ mutually,” (6) “self” induced. Consider first of all its 
production by the process of mutual induction. In Fig. 22 there 
are two coils, A and B, placed close together. A has a battery 
and switch connected to it, and B is connected to a galvanometer. 
If A carries either zero current or a finite steady current, there will 
be no deflection of the galvanometer, thus showing that there is 
no E.M.F. in the coil B. If, when the current in A is zero, the 
switch is suddenly closed, there will be a momentary deflection of 
the galvanometer, but not a permanent deflection so long as the 
switch is kept closed and the current in A is not varied. © If now the 
switch is suddenly opened there will be another momentary deflec- 
tion, this time in the reverse direction, and immediately afterwards 
the galvanometer needle will return to the zero position. These 
experiments show that an E.M.F. is induced in B whenever the 
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current in A is changing, but not when it is steady. Also the 
direction of the E.M.F. induced by an increase in current is opposite 
to that induced by a decrease in current. These phenomena are 
explained by the following laws— 

1. Whenever the number of lines of force linking with a circuit 
changes, an E.M.F. is induced in the circuit proportional to the 
rate of change of flux. 

This is Faraday’s law of electromagnetic induction. 

2. The direction of the induced E.M.F. is such that the current 
set up by it tends to stop the motion or change producing it. 
This is known as Lenz’s Law, and it follows from the fact that in 

order to set up an induced current some energy must be expended. 


Fie. 22 
Mourvatty Inpucrep E.M.F. 


4. Self Induced E.M.F. In the case of a mutually induced 
E.M.F., the E.M.F. is set up by a change in flux through a coil 
when the flux is produced by a neighbouring current. Obviously 
an E.M.F. will be produced whenever the flux changes, no matter 
how the flux may be produced. Thus if a single coil carries a 
current it will produce a magnetic flux, and if the current changes 
the flux will change. The change in flux will induce an E.M.F. in 
the coil, which in this case is called a self induced E.M.F., because 
it is set up by a change in its own current instead of by a change 
in a neighbouring current. If the current increases, the self induced 
E.M.F. will oppose the current; whereas if the current decreases, 
it will act in the same direction as the current. 

5. Coefficients of Self and Mutual Induction. Consider a solenoid 
of N turns, length / cm., and cross sectiona sq.cm. If it is carrying 
current, it will produce a flux; and if the current changes, the flux 
will change. We then have 


Self induced E.M.F. = — (Rate of change of flux) x N c.g.s. units 
= — (Rate of change of flux) x N x 10-8volts 
Now Flux = (Flux set up by 1 ampere) x J 
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the quantity in the brackets being a constant (if the permeability 
of the core is constant), which can be determined from the data of 
the circuit. Therefore we can write 


Rate of change \ __ / Flux set up y, Fate of change 
of flux by 1 ampere of current 


E.M.F. by 1 ampere of current 


The expression in the large brackets is a constant for any given 
circuit and it is called the “ coefficient of self induction.” It is 
given in practical units, henrys, since the factor 10-8 is included. 
It is represented by the symbol LZ. Hence we have 


(Self induced E.M.F.) = —- Z x rate of change of current 
dl 
or L ii 
the minus sign being used because the E.M.F. is opposed to the 
change of current; in other words, it is the mathematical equivalent 
of Lenz’s Law. 

The law can be stated as follows. If an E.M.F. is induced in a 
circuit through a change of current in the circuit, its direction is 
such as to oppose the change of current. Thus, if the change is an 
increase in current, the E.M.F. will act in the opposite direction to 
the current ; if the change is a decrease in current, the induced E.M.F. 
will act in the same direction as the current. 

It is very easy to determine L for a simple circuit such as a 
solenoid. We have, for any current J, 


__ 1:26 Nlap 
- Ll 


if the core is magnetic and of permeability uw. Hence, flux per 
ampere 


a fore Mee) uaIO i( Flux set up ) xNx 10° x Tate of change 


Flux 


1:26 Nay 
= eee 
*, L = (Flux per ampere) xX N x 10-8 
1:26 Nap 
a l 
The “coefficient of mutual induction” of a coil B relative to 
a coil A is obtained as follows— 
Let A and B have N, and N, turns respectively, 


are inden) =4 Flux through B )x N,x 10+ 


x 10° henrys. 


E.M.F. in B due to 1 ampere in A 


X (rate of change of current in A) 
The expression in the large brackets is the coefficient of mutual 
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induction M, of B with respect to A. The flux produced by 4, 
and therefore that portion of it which links with B, is proportional 
to N,. We thus see that the coefficient of mutual induction of 
two coils is proportional to the product of their numbers of turns, 
whereas the coefficient of self induction of a single coil is proportional 
to the square of its turns. 

6. Rise and Decay of Current in an Inductive Circuit. If a 
coil possessing no self-induction, that is, a coil which docs not 
produce a magnetic field when currient is passed through it, has 
a P.D. of # volts applied to its terminals, the current produced 
reaches the Ohm’s Law value of #/R instantaneously. If the coil 
possesses self-induction, the current theoretically takes infinite 
time to reach this value. With a non-inductive coil the applied 
P.D. has to overcome the Ohmic drop JR only, but in the case of 
an inductive coil it has, in addition, to overcome the back E.M.F. 
set up by self-induction, this back E.M.F. only becoming zero when 
the current is steady. Now the self induced E.M.F. is — L di/dt, 
where 7 is the instantaneous value of the current, and the applied 
P.D. therefore has to possess a component equal and opposite to 
this, as well as a component equal to the Ohmic drop ik. Hence, 
when the current is increasing we have 

E=ki+ Ldi/dt 

If we multiply both sides by idt we have an energy equation 

Endt = Ridt + Indt x é 
Fidt is the total energy supplied to the coil in time dt, Ri?dt is the 
energy converted into heat due to the Ohmic resistance of the coil, 
and Lidt x di/dt is the energy required to establish the magnetic 
field whose presence is the cause of the coil’s self-induction. . The 
solution of the original equation is 


E Bee a 
~— ES L 
‘=F (1 € ) 


R 
me DA We ay ee ‘) 
where J is the final value of the current. 


Example. A constant P.D. of 1 volt is applied to a coil of resistance 1 ohm 
and inductance 1 henry ; plot the curve of current against time. 


The final value of the current is J = H/R = 1 amp., hence, for 
the current at any instant we have 


R 
evigerer) 
= le" 
when t = 0-1 sec., 1 = 1-€-+1 = 1 -2-7183-*1 = -095 
when ¢ = 0-2 sec., i = 1-€- -? = 1 -2-7183~- -2 = -181, and soon. 
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The curve is as shown in Fig. 23. 


After an interval of time of Z/R seconds the current reaches the 
value ¢ = J(1 — e+) = 0-63211. 

This is a definite fraction of J, and the ratio L/R is therefore 
called the ‘‘ time-constant”’ of the coil. The time-constant can thus 
be defined as the time required for the current to reach 0-6321 of 
its final value. 

From the energy equation we saw that the energy imparted to 
the magnetic field in time dt was 

Indt x di/dt 


Hence, when the current has attained its final value J, the energy 
of the field will be 


af 
if ett p LP 


Now L is the flux per ampere X N x 10°, and therefore the 
energy of the field is 

+ x current x total flux x N x 10-8 
Suppose there are two coils A and B, whose coefficients of self- 
induction are L, and L, respectively, and whose coefficient of 
mutual induction is M. If they are traversed by currents of J, 
and I, respectively, then 

Flux through A 

ee LS ,apeeet ‘ 

= (“4x 10* + =>? x 10 
and therefore the energy of the 
field due to coil A is 

bee i 
i, x (“44 
Slee 

cae 4L,J + 3MI I, sfx 
Similarly, the energy of the field 
due to coil B is - | } t 

41,1, + +MI1I, Seconds. 
The total energy is, therefore, Fie. 23 
31,12 + MII, + 31,1," 

We have now to consider the decay of the current when the 
applied P.D. is removed. Suppose, for instance, that the coil is 
suddenly short-circuited and the source of P.D. at the same time 
disconnected. Then, since the current now decreases, its rate of 
change di/dt is negative, and the E.M.F. equation becomes 

O= Ri+ Ldi/dt 
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the solution of which is 

R R 
i= pre la is (et oe 
This shows that the curve dies away exponentially, as shown in 
Fig. 24. The curves of rise and decay are complementary, for if 
they are drawn with the same origin as in Fig. 24 the sum of the 
ordinates at any instant is equal to the Ohm’s Law value of the 
current I. 

If both sides of the E.M.F. equation are multiplied by idt, another 
energy equation is obtained, namely, 

O = Ritdt + iG at 

This shows that, when 
the current is decaying, 
the whole of the energy 
for the production of heat 
in the winding is drawn 
from the stored energy 
of the magnetic field, and 
eventually, when the cur- 
rent is zero, the field also 
is of zero strength. 


>lbs 


Current 


Example. A shunt 

Fie. 24 dynamo gives an air gap 

flux which is practically pro- 

portional to the exciting 

current. When this current is 2 amperes, an air gap flux of 2,000,000 lines 

is produced. If there are 1,000 shunt turns of resistance 100 ohms, and 

they are carrying a current of 2 amperes, determine the equation of decay of 
the current if the shunt winding is suddenly short circuited. 


L = Flux per ampere X N x 10° henrys 


2 
= fee x 1,000 x 10° 
= 10 henrys 
k = 100 
Initial current J = 2 amperes 
ae 
iid iXiel 4 
= Qerl0t 


7. In the above discussion of the effect of self-induction we have 
assumed that the magnetization characteristic of the circuit, namely, 
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the graph of flux against current, is a straight line, or, what amounts 
to the same thing, the permeability of the magnetic circuit is con- 
stant. If the path of the lines of flux is through iron, this is no 
longer the case, particularly if the iron is taken up to saturation 
point, the result being that the coefficient of self-induction is no 
longer a constant, but is a function of the current. To determine the 
self-induction it is, therefore, necessary to calculate the flux per 
ampere for a series of values of the current, the flux per ampere 
being given by the gradient to the curve of flux against current. A 
numerical example will make this clear. 

A ring of iron whose magnetic characteristics are given by the 
following figures— : 


B 2,500 5,000 7,500 10,000 
Be 1,250 1,200 1,000 800 


has a mean circumference of 300 cm. and cross-section of 100 sq. cm. 
It has a magnetizing coil of 250 turns. Plot a curve of self-induction 
against magnetizing current. 

The four values of H (= B/u) are equal to 2, 4:17, 7-5, and 12-5 
respectively ; hence, the ampere-turns per cm. length (= :8H) are 
equal to 1-6, 3-34, 6-0, and 10-0 respectively. 

The total AT (= at x 1) are, therefore, 480, 1,002, 1,800, and 3,000 
respectively. Dividing these values of A7’ by the number of turns 
we obtain the currents, whose values are, therefore, 1-92, 4:01, 7-2, 
and 12-0 respectively. 

The total fluxes (0 = BA) are 250,000, 500,000, 750,000 and 
1,000,000. The curve of ® against J can now be plotted, and is 
given in Fig. 25. Tangents to the curve are drawn at the point 
corresponding to the above values of the current, and their gradients, 
in lines of force per ampere, are 121,800, 91,400, 63,500, and 42,600 
respectively. 

We now apply the general expression for the self-induction, and 
the corresponding values are— 


henry 
when J = 1-92; L = 1-218 x 10° x 2-5 x 10? x 10° = 0-305 
whenIJ = 401;2=9-14 x 104 x 2:5 x 10 x 10° = 0-229 
when] = 7:2 ;L=6:35 x 104 x 2:5 x 10? x 10% = 0-159 


when J = 12:0 ;L=4:26 x 10* x 2-5 x 10? x 10° = 0-107 


If the current in such a circuit varies by a small amount, from, 
say, J to (I + 61), then the self-induced E.M.F. will be calculated 
from the value of LZ corresponding to the mean current, namely, 
(I + 4.6J). On the other hand, if a current J in such a circuit is 
suddenly switched off, then the mean value of the self-induced E.M.F. 
will be given by the value of Z corresponding to the current J. 

The growth of the current in such a circuit is obviously not of the 
pure exponential form corresponding to a constant value for L. 
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The most convenient method of determining the curve is a step-by- 
step method based on the differential equation of the circuit. What- 
ever the shape of the magnetization curve, the E.M.F. equation is 
eRe ee Ge 
dt 
If we use small differences, then the equation becomes 
H=R+4+N.E.10 


oe 66 = 2* 108. 


Suppose, in the above example, that R = 1-0 ohm, that Z = 20 


band? 


1200 000 


re let dt be taken as -01 of a second; then, since N = 250, we 
ave 


20 -7% 
o¢ = 55 x 102° 
= 4 x 105 (20 —1)ét 
= 4x 103 (20-3) 
when t = 0,1 = 0, and 6 = 2646 = 0; 
when t = ‘01, dd = 8 x 104, 6 = X6¢ = 8x 104, and i = -58, 


108 . dt 
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as read off from the magnetization curve; 
when ¢ = -02, 66 = 7-77 x 104,6 = (8 + 7-77) x 10% = 15:77 x .10* 
and += 11; 
when ¢t = -03, eT: = 7:56 X 104,¢ = (15-77 + 7-56) x 104 
= 23°33 x 104 
and i= 1-7, and soon. 

In this way the curve of 7 against ¢ can be determined as far as 
desired, and obviously the accuracy of the determination depends 
solely on the smallness of the intervals df. The curve of Fig. 
26 gives the curve of growth of current as so determined up to 
a time of 0-15 sec. after switching on. It will be seen that this curve 
is, up to t =-13 sec., concave upwards instead of concave downwards, 
as in the case of a circuit for which Z is constant. The reason for this 


alle tht woh 21 2 ie 
Pac saan staked ia 
(a eons a da lin ow oe GD a 


Hol copiabaes| 16 olor bo pusberts kd bt | 
es ee ce OD 
HH 


0 0:02 004 0:06 0:08 0-10 0-12 0-14 


is that the value of L is continually falling, as is indicated by the 
curve of L against J, and the growth of current curve will only 
assume the normal form when L has become sensibly constant. 

8. Inductance of a Pair of Parallel Conductors. The lines of 
force due to either conductor are concentric circles round the 
conductor and also concentric circles inside the conductor (Fig. 27). 
Consider first of all the flux inside the conductor. The current 


2 
inside a line of force of radius x is I x oy) and therefore the field 


strength at a distance x from the centre 
2 X current A EO FE igs. : 
a —— == 20 —- % —= —, Ib C.g.8. 
Vetahcs 2I 72 x i" 72 elng 1n ¢.g.8. units 


3—{T-5432) 
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Hence, the flux through a cylindrical shell of radial thickness dx 
and axial length 1 cm. is 


ott Ty de eee 
f ie 


Fie. 27 


But the flux links with only 2?/r? of the conductor, so that the 
linkage of the shell is 


Wadx x? = 2I x3dx 


r r x” 
*, Total linkage inside the conductor 
T 
ay 
. 


Now consider the flux between the two conductors. At any 
distance x the field strength is again 2//x, and therefore the flux 
through a cylindrical shell of thickness dx and axial length 1 cm. is 
2I dz/z. Hence, linkage 


d 
= 21 f° = 21 loges 
r © r 


Hence, the total linkage per conductor, reckoning the fluxes inside 
and outside the conductor, is 


I qd 
(F + 2] loge = ) 
The total linkage for both conductors is, therefore, 
(2 + 4. loge ) 


This is expressed in c.g.s. units. If J is in amperes it must be 
divided by 10. Hence, the linkage per ampere is 


(1 + 4logeX ) +10. 
r 


This will be the E.M.F. in c.g.s. units induced in each em. of the 
loop formed by the two conductors, if the current in the loop changes 
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at the rate of 1 amp. per sec. Hence, for the inductance per cm. 
of the loop in practical units, we have 


d 
L= (3 aa 4 loser) x 10°° henrys per cm. 


= 4 loge : Xx 10° approximately. 


If the log is reduced to the base 10 and the inductance expressed 
in henrys per mile, we have, finally, 


= 148 x 104 loge 


EXAMPLES ON CHAPTER II. 


(1) A conductor 12 in. long rotates about one end at 1,000 r.p.m. in a plane 
perpendicular to a magnetic field of strength 5,000 lines per sq.cm. Find 
the E.M.F. induced in it. 

Ans.—2°42 volts. 

(2) Define the coefficient of inductance of a magnetic circuit and show 
that it is proportional to the square of the magnetizing turns and inversely 
to the reluctance. Show how to find, by observation of the curve of rise of 
current when a steady voltage is applied to the inductance, the change of 
reluctance due to saturation of the iron. (London Univ., 1911.) 

(3) A coil of resistance 10 ohms and inductance 1 henry has a current 
which increases uniformly at the rate of 10,000 amperes per second. Find the 
value of the necessary applied P.D. (a) when the current is 10 amperes, 


(6) when it is 50 amperes. 
Ans.—(a) 10,100 ; (b) 10,500 volts. 


(4) Plot a curve giving the value at each instant of an electric current 
which varies in the following way—At time o it is 4 amperes. It increases at 
the rate of 10 amperes per second for 2 seconds; it then remains constant 
for 2 seconds; it then decreases at the rate of 4 amperes per second for 
6 seconds; it then follows the law 12 sin =. t. Plot curves showing the 
voltage at the terminals of a resistance of 3 ohms and at the terminals of an 
inductance of 4 henrys respectively when this current is passed through them. 
(London Univ., 1921.) 

(5) A certain choke coil has 1,500 turns. When 4 amperes are passed through 
it, the total magnetic flux threading the coil is 6,000,000 lines. The resistance 
of the coil is 20 ohms. Find an expression for the current in the coil imme- 
diately after it is switched on to a D.C. supply yielding 100 volts. Assume 
that the self induction of the coil is constant during the rise of current. 
(London Univ., 1921.) 

Ans.—i = 5 (1—s~*89%), 

(6) Define the unit of inductance. Obtain an expression by which the 
inductance of an anchor ring of Dcm. mean diameter and A sq. cm. cross 
section, wound with n turns of wire may be calculated approximately, if the 
permeability (u) of the iron is assumed constant. A field magnet coil wound 
with 1,500 turns of wire produces a flux of 2-8 megalines when carrying a 
a current of 2 amperes; estimate the inductance of the coil in henrys. 


(London Univ., 1923.) 
Ans.—21 henrys. 
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(7) What methods may be used for limiting the voltage rise of an inductive 
coil when it is disconnected from a D.C. supply ? Estimate the discharge 
resistance necessary to prevent the voltage rise exceeding 300 volts when a 
coil of large inductance having a resistance of 100 ohms is disconnected from 
a supply at 200 volts. (London Univ., 1922.) 

Ans.—50 ohms. 


(8) Prove, for any simple case, that the mechanical work done by, or on, 
a coil traversed by a steady current I due to a movement from 4 position in 
which the total magnetic flux through the coil is N,, to another position, 
in which the total flux is N,., is I(N,- N,). State precisely the units in 
which the different quantities are measured, and what determines whether 
the work done is positive or negative. 

The coefficient of mutual induction J/, in henrys, between two coils, one 
of which is fixed, and the other movable about an axis, is given by M = a+06, 
where a and 6b are known constants, and @ is the deflection in degrees measured 
from some zero position of the moving coil. Calculate the torque between 
the two coils for any deflection 6, when the coils are traversed by two currents 
I, and I,amperes. State the unit of torque in which the result is expressed. 
(London Univ., 1915.) 

(9) A transmission line consists of a pair of }in. conductors spaced 8 ft. 
apart. Calculate the inductance of the loop formed by joining the two 
conductors at one end. 

Ans.—-4-25 millihenrys per mile. 


CHAPTER III 
SYSTEMS OF CONDUCTORS 


1, Series and Parallel Connections. If a number of resistances 
R,, Ry, Rs, etc., are connected in series, then the total resistance is 
given by 
R=R,+ #,+ B+ 2 ee ohms. 
Ifan E.M.F. E is applied to the whole circuit, the current is given by 
i= EIR. 
and this current flows through each of the resistances. The voltage 
divides itself between the various resistances in such a way that the 
“drop” along any one section is proportional to the resistance of 
that section. Thus denoting the drops by V,, V2, V3, etc., we have 


_ Ay Ry 5 _ &; : 
io ty Rp: V3=—-#; etc. 


If the various resistances are all connected in parallel, then for 
the total resistance we now have 


1 1 

Rh, 3 
or, denoting the reciprocal of resistance by the conductance G, the 
practical unit being the mho, we have 

G=G6,+G4,+4G,+... mhos. 
The total current produced by an applied voltage H is now 


E 
so as EG 
while the portions of this current carried by the various branches 
are given by 


G G 
ails I= 4 


Gs 


oT Ty qt etc. 


1 = 


2. Kirchhoff’s Laws. Circuits which do not come within the cate- 
gory of simple series or parallel circuits, such as the above, can be 
solved by means of Kirchhoft’s Laws. These are as follows— 


First Law. The algebraic sum of the currents at any junction of 
conductors is zero. In other words, the sum of the currents flowing 
towards a junction is equal to the sum of the currents flowing away 
from the junction. Thus in Fig. 28 the currents J, and J; are flowing 
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towards the junction, while I, I4, and I, are flowing away from the 
junction. From this first law we therefore have for this partic- 


ular junction 
4; 
4, 
I, + 1, = 1, + I, + Is. 
L 

a9 ay 
Second Law. In any closed circuit the 
Fic. 28 algebraic sum of the potential drops in the 
various parts of the circuit is equal to 
the electro-motive force acting round the circuit. To illustrate 

the law three possible cases are illustrated in Fig. 29. 


(a) In Fig. 29 (a) the closed circuit does not contain a battery or 
other source of E.M.F., and therefore the algebraic sum of the 


tT 


Fie. 29 


various drops in volts is equal to zero. Taking a clockwise direction 
round the closed mesh as the positive direction, we therefore have 


4411 — Vela — Vela — U4", = O. 


(6) In Fig. 29 (b) one arm contains a cell of E.M.F. #, and this 
E.M.F. tends to circulate current in the clockwise or positive 
direction 


*, UP — Uefa — Ugg — Ugh, = HL 


(c) In Fig. 29 (c) this cell is reversed, so that it tends to circulate 
current in the negative direction round the mesh. Its E.M.F. must 
therefore be reckoned negative, and we have 


1411 — Uefa — Ugg — 14%, = — EE. 


It is to be noted that in cases (6) and (c) the resistance r, must 
include the internal resistance of the cell. 


As an example of the application of these two laws, take the case 
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of the well-known Wheatstone network, as shown in Fig. 30. The 
most important unknown quantity is the galvanometer current 2. 
Denote the battery current by y 
and the current in 7, by z, then we 
can use the first law to fix the other 
currents, as shown, in terms of three 
unknowns, 2, y, and z. To obtain 
three equations we now apply the 
second law to three closed circuits, 
and we will choose HBAC, BAD, 
and DAC. We then have 


rz+r(z-2) + ry =F 
r4z + rx —7,(y —z) = 0 
r(2—x) +7,(2-2-y)-71,4 = 0 


Fie. 30. WHEATSTONE’S 
These reduce to Rrivegt Network 


— ret + rey + (7, + 1)2 = E 
TX —T3y + (ry + 13)2 = 0 
=—(ro + 74g + 7,)@-— Tey + (Te + 14)2 = 0 


Solving for x we have, in determinant form 


E Tp (ry + 1.) : 
0 —?s (ry + 13) 
0 aie AT. + a) 
Chis, eee ee eee ee ee 
—%3 Ts (ry + 12) 
Ur —T; (7; + 13) 
sett ts) = 7% (To + 14) 


Evaluating the numerator we have 
[HX (—13) X (To + 14) +1 0(ts + ts) X O+ (% + 72) X 0 X (— 1%) | 
= (0 X Ce) x (ry + re) try) (ty + 1) + Oy Pm) XK OX 15 | 
= E(ryr,— 2's) 
Hence, denoting the denominator by A, we have 
Pee Ty". — Tels 
*, «% = 0O.when 17,f, = 191s 


nlasied? 


or = 
un 


the well-known condition for a balance. 
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As a numerical example, let H = 2 volts, 7, = 10; °%, = 20; 
1, = 80, rg = 40, 7, = 50, and r, = 1. 


Then we have 


2 1 30 
0 ~ 30 40 

0 _ 40 60 y 

= =— say 

| - 20 1 30 A 
50) ~ 30 40 
| 110 _ 40 60 

Then 


y = [(2 x —30 x 60) + (1 x40 x 0) + (30 x 0 x -40)] 
—[(0 x -30 x 30) + (-40 x 40 x 2) + (60 x 0 x 1)] 
A = [(-20 x -30 x 60) + (1 x 40 x — 110) + (30 x 50 x -40)] 
—[(- 110 x -30 x 30) + (- 40 x 40 x — 20) + (60 x 50 x 1)] 
Y — 400 
A — 162,400 
= ‘00246 ampere. 


_“2= 


As a second example, take the case of a triangular pyramid, 
ABCD, built up of six wires whose resistances are as follows: 
AB lohm, AC 1 ohm, CB 2 ohms, AD 2 ohms, DC 1 ohm, and 
DB 1 ohm. Calculate its resistance between the points A and B. 


1 z ] 
ae =Ivolt a 


Fie. 31. Nerworxk ILLustratine KrrcnHorr’s Laws 


The pyramid is shown in Fig. 31, along with the equivalent 
“flat” circuit. Imagine that an E.M.F. of 1 volt is applied between 
the points A and B, then, inserting symbols for the currents in the 
various resistances, we obtain the distribution shown, since it is 
clear that the currents in AD and CB will be equal, and also the 
currents in AC and DB. The drop of volts is equal to £ (i.e. 1 volt) 
along (AD + DB), along (AC + CB), and along AB. The first two 
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of these really give the same condition, and therefore to obtain a 
third equation we will equate the total drop in the closed circuit 
ADC to zero. 


J 2e+y=1 
a 
2a +a-y-y=0 
or 3a —-2y = 0 
The solution of this is 
2 3 


tee y=7) Ed Coal | 


The total current fed in at A is thus 

2,3 5 

ele Gib ws ape 
Hence, as one volt is applied between A and B, the reciprocal of 
the current gives the total resistance, viz. 


if 
R= 12 ohm. 


As a third example, consider the following. Two cells are con- 
nected in parallel and supply a circuit of 1 ohm. Their E.M.F.’s are 
2-05 and 2-15 volts, and their internal resistances 0-05 and 0-04 ohm 
respectively. Calculate the current in each cell. 

The circuit is given in Fig. 32. bp add} 

Denoting the two battery currents Be oe yo aes, 
by x and y, Kirchhoff’s first law 
tells that the external current is 
(x + y). Applying the second law 4 
to the circuits ABCD and AFCD 
in turn, we have 
0-05x + 1(x + y) = 2-05 
0-04y + l(a + y) = 2-15 
Hence 1:05z + y = 2-05 raf 
and «+ 1-04y = 2-15 Fie. 32. 


The solution is 
x=-019amp, y = 2-25 amp. 


x+y 


CHAPTER IV 
ELECTROSTATICS 


1. General Principles. It is now known that the atom of any given 
element, instead of being indivisible, is made up of electrons and 
protons, both of which are entirely different in their nature from 
the atom of which they form a part. An electron is a particle of 
negative electricity which, when removed from an atom, exhibits 
none of the properties of ordinary matter. All electrons are exactly 
alike, even if the atoms from which they are derived are different. 

The proton is the opposite of the electron, being a particle of 
positive electricity. The positive charge on the proton is exactly 
equal to the negative charge on the electron, but the mass of the 
proton is so very much greater than that of the electron, that, to 
all intents and purposes, the mass of an atom can be said to be the 
sum of the masses of all the protons in it. The mass of a proton is 
1-63 x 10-*4 gramme. 

The structure of an atom is, according to the Bohr theory, that 
of a solar system in miniature,* the central sun, or nucleus, being 
an aggregation of protons with their positive charges, with, in some 
cases, some electrons with their negative charges. The planets are 
a series of electrons rotating round the protons in a series of orbits. 
The simplest atom is that of hydrogen, which has a single proton 
for its nucleus and a single electron rotating round the nucleus. 
The radius of the orbit is of the order of 10,000 times the diameter 
of the electron. In more complex atoms the nucleus may have 
protons and electrons together, with the protons preponderating. 
Thus, in the case of helium, the nucleus has 4 protons and 2 electrons, 
while, as planets, there are 2 electrons. A more complicated case is 
that of the copper atom in which the nucleus has 64 protons and 
35 electrons, while, as planets, there are 29 electrons. 

In the case of all elements the atom is electrically neutral, since 
there are exactly as many electrons as protons. The atomic weight 
is (neglecting the masses of the electrons) equal to the number of 
protons in the atom. The atomic number of an element is the excess 
of protons over electrons in the nucleus, or, what amounts to the 
same thing, the number of planetary electrons. It is this number 
which determines the chemical properties of the atom. So far, the 
greatest known atomic number is 92, that for uranium, and therefore 
if we assume that there must be an element to each atomic number, 
there must be at least 92 elements. 


* This is not in accordance with the most recent views, but it is sufficiently 
accurate for the purpose of a mental picture. 
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2. Electrification. Since the aggregate of the positive electricity 
on the protons of any atom is exactly equal to the aggregate of 
negative electricity on the electrons, it follows that any normal 
atom is not electrified from the point of view of having any electrical 
influence external to itself. If some of the outer electrons are 
removed then the atom remains an atom, but its chemical nature 
may be altered, and, what is immediately obvious, the balance of 
positive to negative electricity will be upset. There will, in fact, be 
a surplus of positive electricity, and, if this removal of some of the 
electrons has been common to all the atoms in a body, this body 
will be charged positively, or will have acquired a positive charge. 

If, on the other hand, an electron is added instead of removed 
there will be a preponderance of negative electricity, and if this 
addition has been made to all the atoms of a body, this body will 
_ be charged negatively. 

The process by which an originally neutral atom becomes posi- 
tively charged through the removal of electrons is called ionization, 
and the atom itself is called an ion. 

Summarizing, we can say that positive electrification is the result 
of a deficiency of electrons, while negative electrification is the 
result of an excess of electrons. The total deficiency, or excess, of 
electrons is called the charge. : 

3. Coulomb’s Law. It is well known that bodies with like charges 
repel one another, while bodies with unlike charges attract. In the 
case of bodies which are so small that their charges can be regarded 
as point charges, the magnitude of this force in air (or more strictly 
im vacuo) is given by 


where q, and g, are the magnitudes of the charges and d is their 
distance apart in cm. The force is positive when the charges repel 
and negative when they attract. From this expression we can define 
the unit charge as that which repels an equal similar charge, separ- 
ated a distance of 1 cm. from it in air, with a force of one dyne. 
This is called the electrostatic c.g.s. unit of charge or quantity. 

In a medium other than air, then, provided that the medium is 
an insulator, i.e. not a conductor of electricity, we have 


St = in dynes 


where x is a ratio or factor called the dielectric constant of the medium, 
or sometimes the specific inductive capacitance. 

4, Electric Fields. The electric field is the space, in the neighbour- 
hood of a charge, where forces of repulsion are exerted on like 
charges. The strength of a field at any point is defined as the force 
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in dynes which would act on a unit positive charge placed at that 
point, while the direction of the field is given by the direction of 
this force. ; 

As with magnetic fields, it is useful to make use of the concept 
of lines, or tubes, of force. In the case of an electric field these lines 
emanate from charges, starting at a positive charge, and ending at 
a negative charge. If the charges are situated on isolated conducting 
bodies the lines of force will thus pass from one body to the other, 
in this respect differing from magnetic lines of force, all of which 
form closed circuits. 

The above definitions of field strength is in terms of the force 
on a unit charge. Where the medium is air, field strength is also 


g Units of 
Positive 
_Z_ Charge 


\ Electric 


' 

' 
! ‘ 
Ps 
Fia. 33 


equal to the number of lines of force per unit area of normal cross 
section. From this it follows that the number of lines emanating 
from a charge of q units is 4agq. For imagine a point charge of q 
units at the centre of a sphere of radius 1 em., Fig. 33, the medium 
being air. A unit positive charge placed at any point on the sphere 
will be repelled with a force of 
x1 
i = q dynes. 

Hence the field strength anywhere on the sphere is g, and therefore 
there are q lines of force passing through each square centimetre. 
But the area of the sphere is 47, and therefore the total number of 
lines emanating from the charge is 4q. 

5. Flux. The total number of lines of force is called the flux. 
Thus in the case of an isolated charge of q units, the flux will be 


W = 4nq, 
independently of the nature of the medium. If the charge is situated 
in a medium of dielectric constant x, instead of in air, then, at any 
point on the sphere of radius 1 cm., the force on unit charge will be 


pu 4dXi_g 


Te ona ee 
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If we denote the flux density by D, we have F = an expression 


' analogous to H = for the magnetic field. 


Hence the number of lines per sq. cm. will be 


WU = dng 


6. Electrical Intensity Inside a Charged Hollow Spherical Con- 
ductor. Fig. 34 shows is 
a hollow sphere charged ; 
to a surface density el 
o, the surface density 
being the charge per unit 
area. Consider a cone 
with apex at any point 
P, and cutting off small 
areas w, and w,. The 
charges on the two areas 
are then ow, and ods, 
and the field strength 
due to them at the point 
P is 


Z 


Wy 


Fia. 34 


os = ae assuming k = | 
The projection of area w, perpendicular to the axis of the cone is 
@, cos ¢, and therefore if the solid angle of the cone is ds, we have 
when x = 1 


@, cos dy Pus 


os 1 
__ @, 008 dy 
, = cae os 
8 
Similarly bs = bs 
2 
But $1 = $s 
Sie OS 8 
hee 


showing that the field strength at P, due to the areas w, and @,, 
is Zero. 
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Similarly we can divide the area of the sphere into a large number 
of pairs of small areas, such as w, and w,, and, since each pair will 
produce zero field strength 
at P, it follows that the 
field strength is zero for 
the whole of the sphere. 
Now FP is any point, prov- 
ing that the field strength 
at any point within the 
Fia. 35 sphere is zero. 


7. The Field Strength at a Point External to a Charged Sphere. 
Considering an annular zone of angular width dd, Fig. 35, the 
charge on this ring is given by 

2na sind X adp X o = 2na*o sin d . dd. 
Hence the component along OP of the force on a unit charge at P 
due to the zone is 
2na%o sin ¢ . dd 
ra 
Hence total force on a unit charge at P, i.e. the field strength at P 


= toate f S20sin $28 


. cos 6, again assuming x = 1. 


re) 
Now r? = a? + ¢?- 2ac cosd 
and a? = 72 + ¢?— 2rc cos 6 
3 ‘ ; ar 
. rdry =acsing.dd or sing.dd = —— 
ac 
2 ee 
r ca 
and oon b A ceienias 
2cr 
e+ a 
1 r2+ c2-a?_ r.dr 
F = 2na’o = = FEL 
r 2cr ac 
ee C- a4 
c+a 
TAC c*-a 
-% fasta 
c-a 
c+a 
MAC c* — a? 
c r 
3 c-a 
47070 
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But 47a*o is the total charge g while ¢ is the distance of the point 
P from the centre O. Hence, to a point ex- 
ternal to it, the sphere behaves as though its 
charge were concentrated at the centre. 

8. Gauss’s Theorem. Let a charge q be 
entirely enclosed by a surface of any shape 
whatsoever, and let the field strength at 
any point P on the surface be F. Then if 
P is situated within a very small area w, Fig. 
36, the number of lines of force crossing this 
element will be 


dv = Fw cos 
But Yee = 
Kr 


: q 
Pee ae 73.0 COS d 
Hence total flux crossing the whole surface 
i 2. a cos ¢ 


If the area w subtends a solid angle ds at the charge, then 
cosh 
| ae 
ax 2008 = 72.08 
= 47q. 


v2 (as before) 


Hence the total flux traversing a surface completely surrounding a 
charge of q units is 4aq. This is Gauss’s Theorem. If there are a 
number of charges inside the surface, then the total flux is 


P= 4n(y+%+%+-- +), 


the summation being an algebraic sum, positive charges being 
reckoned positive, and vice versa. 

9. Coulomb’s Theorem. Consider again the small area @ in Fig. 
36, and let the surface density be o units per sq. cm. Thus total 
charge on the area w is ow. Hence, from Gauss’s Theorem the total 
flux radiating from this charge is 4aow. If the surface under 
consideration is a conducting surface, then we have seen that no 
flux can exist inside and consequently the whole of the flux 4zo0w 
passes outward normally. Hence flux density at the surface 

_ 4n0w 


= = 4n0 
@ 


4 
Hence field strength at a point close to the surface = — dynes, 
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and is in a direction normal to the surface. This is Coulomb’s 
Theorem. 

10. Potential. If a mass is moved from one point to another in 
the gravitational field, work will be done against or by the force of 
gravity according as the vertical distance above the earth is increased 
or decreased. This work done is added to, or deducted from, the 
potential energy of the mass. Thus the total potential energy of the 
mass is a function of the position of the mass with respect to the 
earth. The case of the electrostatic field round a charged body is 
analogous to that of the gravitational field round the earth. If a 
small charge is introduced into the field, it will be repelled by, or 
attracted by, the body, and any change of position will necessitate 
that work shall be done against, or by, the force acting as the charge. 
We can thus regard potential in the electrostatic field in exactly 
the same way as we regard potential in the gravitational field. 

In general, the potential at any point in an electric field is defined 
as the work done, in ergs, in moving a unit positive charge from an 
infinite distance to that point. The potential difference between 
two points in the field is the work done, in ergs, in moving a unit 
positive charge from the point of lower potential to that of higher 
potential. 

If the two points are separated a very small distance ds, then if 
the field strength is F, the work done is obviously Fds. Let the 
difference of potential be dV, then 


dV =-Fds 


showing that the field strength at any point is given by the potential 
gradient at that point. In this expression the positive direction of 
s is taken down the gradient. 

11. Equipotential Surfaces. An equipotential surface is a surface 
such that all points on it are at the same potential. For such a 
surface, the potential gradient is obviously zero and therefore the 
field strength F' can have no component along the surface. It there- 
fore follows that the lines of force always cross an equipotential 
surface normally. 

12. Electrostatic Capacity, or Capacitance. Consider a system 
composed of two insulated conductors disposed in such a way that, 
if a charge of electricity is imparted to one of them, all the lines of 
force emanating from this charge will end on the other conductor. 
Then if the charge is + q, there will be an induced charge of — qg on 
this other conductor. At any point in the field, the field strength 
will be given by ; 


ff = Sites 
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and therefore the potential difference between the two conductors 


will be given by 
Va- [Fads 


But, from Coulomb’s Law, we know that V is directly proportional 
to qg, since V is proportional to F’, in fact, for any particular system, 
the ratio of g to V is a constant, depending only on the shape and 
dimensions of the electrostatic field, and the medium the lines of 
force have to traverse. This ratio is called the capacity of the field, 
or the capacitance, and denoting it by C, we have 

g 


V 
Thus the capacitance can be defined as the charge required to raise 
the potential difference to one unit. 


In order to determine the dimensions of capacitance consider 
again the relationship 


posh _ ¢ 


~~ Ka Kd* 


Now all charges are dimensionally the same irrespective of their 
magnitudes, so that we can put 


T= Us = 7 
oe ela 
’. [7] = [ke] [F] [27] 
Work done 
sb on Charge 
[Ff] [Z] 
q 
and ,”, since C= 4 


_ [e] (FDL) 
[FT (2 


= [kj [Z] 

Neglecting the dimensions of «, since they cannot be expressed 
directly in terms of [LZ], [J] and [7'], we see that the dimensions 
of capacity is a length. Thus a sphere of one cm. radius in air has 
unit capacitance. 
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In ¢.g.s. units the unit of capacitance is thus the centimetre, but 
this is too small for practical purposes. More convenient units are 


The farad = 9 x 101! electrostatic c.g.s. units. 
The microfarad = 9 x 10° electrostatic c.g.s. units. 
The derivation of the practical from the c.g.s. unit is given on 
p. xu. 
The derivation of the practical unit of potential difference (P.D.), 
the volt, from the electrostatic c.g.s. unit of potential, is as follows— 
Tere, 


1 electrostatic c.g.s. unit = 1 ES. unit of quantity 


The volt is the P.D. between two points in an electric circuit in 
which the movement of one coulomb of electricity from one point 
to the other necessitates the expenditure of energy equal to one joule. 


Now 1 coulomb = 3 x 10° electrostatic units of quantity 
and 1 joule = 10’ ergs; or 1 erg = 1077 joule 
1 electrostatic c.g.s. __ lerg 
unit of P.D. ~ 1ES. unit of quantity 
10-7 joule 


~ +X 10-® coulomb 
= 300 joules per coulomb 
= 300 volts 

In practical units we have 


q (coulombs) 
V (volts) 


13. Examples. (i) IsoLatep SpHEreE. Let the radius of the sphere 
be acm., and let the charge be g. Then at any distance x from the 
centre the intensity is g/«a*. The work done in moving a unit positive 
charge a distance dx along a line of force is thus 


C (farads) = 


q. dx 
Ka 


.. Work done in bringing a unit positive charge from infinity 
up to a distance r from the centre, viz. the potential at distance r is 


. 
V, ae 8 
Kx 


ve 
Kr 
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If the unit charge is brought from an infinite distance right up to 
the sphere, then putting r =a, we have for the potential of the 
sphere 


vot 

Ka 

oe) 

But Cray 
a 
ran Si Ka 

= Ka 


If « = unity then C = a, the radius of the sphere. 


(ii) ConcrnTRIc SPHERES. Let the radius of the inner sphere be 
a cm., and the inner radius of the outer sphere 6 cm.; let the inner 
sphere have a charge of + q, then there will be a charge of —g 
induced on the inner surface of the outer sphere. The potential of 


the inner sphere due to its own charge is + J. , and that throughout 


the space inside the outer sphere — ms 


.. Resultant potential of inner sphere 


~ ib: ia. 


(iii) Parr oF ParaLLeL Puates. Let two parallel plates A and 
B, Fig. 37, be each of area A sq. cm. and separated a distance d cm. ; 
let B be earthed. If A is charged, the intensity in the space between 
the plates will be uniform except 
for a little fringing of flux at the A +0 


boundary. Neglecting this, we see Ae d 
that if the density on the inner 2 
surface of A is o, that on the inner Fra. 37 


surface of B will be - o. Hence 
potential difference between A and B 
a 


v= Ano 4, — Anod 
K K 
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But = — 


(iv) CoaxtaL CyitinpERs. In electrical engineering practice, con- 
ductors are almost invariably wires of circular section, and two 
cases of very great practical importance are thus a wire surrounded 
by a cylindrical metal sheath as 
in the case of a lead-covered cable, 
and the case of parallel wires as 
in an overhead transmission line. 
Take first the case of coaxial 
cylinders. Fig. 38 shows a core of 
radius 7 cm. surrounded by a lead 
sheath of inner radius R cm., the 
space between them being filled 
with dielectric of constant x. If 
each centimetre of inner core has 
a charge of g units, we know from 
Gauss’s Theorem that 47q lines 

Fie. 38. To Intustrare tHe of force will emanate from each 
INSULATION RESISTANCE OF A CABLE centimetre of core, and obviously 
from the symmetry of the system 
these lines will be radial. The surface area of a coaxial cylinder of 
radius x and of unit length is 272, so that the intensity at a distance 
x from the centre is 
__ 479 __ 29 

ox 2a at 

.. P.D. between core and sheath 


x 


.O=Li—4 _ psiuits per cm. length 
V R 
2 log, S 
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‘039 k 


or C= uF per mile (see p. xiii) 


logio = 


Now we have seen that the intensity is also equal to the voltage 
gradient, and denoting this by g we therefore have 


2q 
aes tee 
But q = KV 
2lo = 
8s — 
a te ioe = eg sie volts per cm. 


x log, = 2-3 2% log1o— 


when V is expressed in volts. 


At the surface of the inner conductor, where x = r, we have the 
maximum potential gradient of i 


ee 
2-3rlogiy # 
, 


J maz i 


As a numerical example, take the case of a cable having a core 
of diameter -927in. with an impregnated paper insulation of 
thickness -65in., dielectric constant 3-5, working pressure 66,000 
volts. 


r = ‘464 in.. 

R = -464 + -65 = 1-114 in. 
, & 1-114 , R rt% 

7.) 46k = 2-41, rar logio = = 382 
’ a 039 «3-5 
a 

= 0-357 uF per mile 
V2 x 66,000 


Imax = 9.3 x (-464 x 2-54) x - 382 
= 86,500 volts per cm. 


The factor V2 is introduced into the numerator because the 
voltage will be alternating, and the maximum value is then V2 


times the stated voltage (see p. 224). 
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(v) ParatteL Conpuctors. Fig. 39 shows two parallel con- 
ductors, each of radius r, separated a distance d, and it is assumed 
that d is large com- 
pared with r. If con- 
ductor A has a charge 
of + q per unit length, 
this will induce on B 
a charge of -q per 
unit length. Hence 

Intensity at any 
Plane point P due to A 


es a towards B. 


2 
Intensity at P due to B = part in the same direction. 


Hence total intensity at P 
2, 24 
iio Lay pint aie 


For air, the dielectric constant is unity so that « does not appear 
in the equations. For the P.D. between the wires we have 


d-r 
V= | F,dx 
r 


d-r 
1 J 
~ f (2+ 35) 
r wf 


ey Ee x — log, (d - 2)| 


7 


d-r 
= 4, —— 
q log. — 
But =f 
u C Y 
' 1 
ol ee ge E.S. units per em. length 
As log iaee. 
r 
1 


since 7 i 
ra e r is small. 
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Converting to practical units we have 
C= —— LF per mile 


1 
B10 


Thus if d= 12 ft. = 144in., and 2r = 0-77 in. as on the 132kV 
British Grid lines 


d 144 
eee 
logig — = 2:5729 
0194. 
ul, 2°5729 


= -755 x 10-7 uF per mile. 


To determine the voltage gradient it is convenient to regard the 
centre plane as a neutral plane so that if we denote the potential 
of one conductor with respect to this plane by V’, we have 


rs d-r 
V = 3 = 2q log, es 
At point P the potential with respect to the neutral plane is 
d 
2 
ve-/2 (? ‘ te) d 
eo WT aes 
z 
d-2 
= 2q log, aigr 


Hence for the voltage gradient we have 
atl ties 


9= Ge ~~ 4 ad=2) 
ie 
2q = 
But q tog, = 
ie 
eos d 1 
“nhl * Wada” oe d-r 
.r 
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The gradient is a maximum at the conductor pears where 
r) = d, we have 


58 


2 = r, and since (d — 


a ge 
7m log: = 2-32 logiy te 
V' 1 
Imax = eS d-yr 
log, - 
- V’ ra V' 
r log, d=T 9.5% logig det 


Fig. 40 shows the variation _ g between two anes each of 
lin. diameter, spaced 10 ft. with a steady P.D. of 200,000 volts 
maintained between them. It will be seen that as x increases, g 


decreases exceedingly rapidly at first. 
40 000 


er inch, 
FS 
a 


Volts 
Ss 
S 


99 10 F200. 30 40 50 60 70 680 90 i= 710 =—720 
Distance, inches. 


Fie. 40. PotentraLn GRADIENT BETWEEN PARALLEL CONDUCTORS 


2 
Viore a = 100,000 volts 
d = 120 in. 
r =D in. 


d-r 
non, ee logy, 239 = 2:3784 


~- 100,000 18,300 


= 03 x 2-3784a volts per cm. 
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In the case of the two parallel conductors, it is of interest to note 
that the lines of force are circles. Due to any one conductor alone, 
the lines of force are straight lines radiating from the conductor, 
and the intensity at any point is then inversely proportional to the 
distance from the wire. Thus at point P, Fig. 41, 


WU 


Fie. 41 


Intensity due to A « S directed along PA, 


Intensity due to B « —- directed along BP. 
Represent these by PP, and PP, respectively, then the total 
intensity at P will be represented by the resultant PR, and this 
means that PR must be a tangent to the line of force passing 
through P. 
PP, Dee tak pds; 


etd PP, PA~ PB PA 
PR _ PA 
YP Pa 
<—™N 
also PPR = APB 


So that the triangle PP,R and BPA are similar. Hence the circle 
through the points AP and B must have PR as a tangent line. 

14. Systems of Condensers. If a number of condensers of indi- 
vidual capacitances C,, C,, C, are connected in series, then the total 
capacitance is given by 


2S 
at a 
The charge on each condenser is the same, so that if V,, V2, Vs, etc., 


are the P.D.s on the individual condensers, and V the total applied 
P.D., we have 


¢ Say 
tatatees:: 
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g = OV = 0, Ve OV 4 = CV 5, ete: 


eet 

Ls a 

and v=4 
renee 38 

: 6 


(a) (d) (e) 
Fiq. 42. PormentiAL GRADIENT IN HOMOGENEOUS AND COMPOSITE 
DIELECTRICS 


This is of great importance in connection with the compound 
dielectrics used in the manufacture of electrical machinery and other 
apparatus. Take, for example, the slot of a high voltage alternator. 
The armature conductors are at a high potential with respect to 
the core, and conductors and core are separated by dielectric, with 
the result that the system constitutes a condenser. If the dielectric 
is homogeneous, then the potential gradient will be uniform, but if 
the dielectric consists of layers of different materials with different 
dielectric constants, then the gradient will no longer be uniform but 
will be different for each material. Fig. 42 shows three such cases, 
the total thickness of insulation being 5 mm. in each case, and the 
total P.D. 15,000 volts. In case (a) the material is homogeneous so 
that g is uniform and equal to 


__ 15,000 
ek: 


In case (b) there are two materials of dielectric constants 8 and 2, 
but of equal thicknesses. We can regard this system as the equiva- 
lent of two condensers in series, the capacitances being 

ie leeds 
1 4nd doe & 25 


= 3,000 volts per mm. 


= 8k say 
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vlad <5 ypu gli: meld 
2 dnd ~ in x BB 7 BY 
Hence total capacitance 
C aa CiC, — 16 
 CisteGy -_10 
Cc 16 Fat 
“ —VW=aV=— ™x = x 16,000 
a Ge 10“ 8 
= 3,000 volts 
= a = 1,200 volts per mm. 
C 1. 1 
¥Y, = — V = — xX =X 15,000 
Smit 10° 2 
= 12,000 volts 
a ee see = 4,800 volts per mm. 


This shows that the gradient across the material of low dielectric 
constant is greater than that across the material with the high 
constant. 


Now take the more likely case of Fig. (c). Then 


be K,A = 8A —_ 
A 4nd, 40 X45 LE 
where k= = 
P.eA 662A 
a= 4nd, 4% X05 ak 
C10; 17:8 x 40k 
; = SS 123k. 
a C, + C, 57°8 : 
’ C 12-3 3, 
ee al = 178 <x 15,000 = 10,400 volts. 
and Vz = al = Sg x 15,000 = 4,600 volts. 
A boul = 2,320 volts per mm. 


and I= et = 9,200 volts per mm. 
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The expression for the capacitance of a parallel plate condenser 
with compound dielectric follows immediately from the above. Let 


Fia. 43. CABLE wiTtH ComMPosITE DIELECTRIC 


the distance between the plates be d cm., and let there be ¢ cm. of 
dielectrics of constant x, and (d-—t) cm. of dielectric of constant 
Kg. Regarding each of these as forming separate condensers we have 


4m] Ky Ky 
t d-t 


KK 
ik, A 


~ Ane {icy (d= t) + rah} 


Another practical example involving two condensers in series is 
an insulated cable with compound dielectric. 
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Let r, = radius of core 
7, = radius of inner dielectric of constant x, 
r, = radius of outer dielectric of constant Kp. 
in ee each dielectric as a separate condenser we have, 
§. 40, 


Glas 039 K, 


uF per mile 


logig 7 


r 
2 
Ky logig =e 
1 


As a numerical example, let 7; = 3 mm.,r, = 6 mm., r; = 10 mm., 
ky = 7, Kg = 5. 


Pa loge? =D logis 5 = 1-505 


e V; 1-553 
pean pg 1-03 
V __ 2-03 
Vie 1 
V 
"1 = 5.03 
Thus suppose V is 10,000 volts, then 
10,000 _ 
y= 303 4,870 volts 
and Vz = 10,000 — 4,870 = 5,130 volts. 


15. Condensers in Parallel. If a number of condensers are con- 
nected in parallel, then for the total capacitance we have 


C=0O,+0,+0C,+. ee 
Each condenser is subjected to the whole of the applied P.D. 
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16. Energy Stored in an Electric Field. Since the lines of force 
of an electric field start on one conductor and end on another, it 
will be realized that any electrostatic field is associated with a 
condenser. Now the shapes of the lines of force depend on the shape, 
size, and relative positions of the conductors and therefore on the 
capacitance of the condenser formed by them. Consider for sim- 
plicity a parallel plate condenser. The two plates attract one 
another with a certain force /’, and if their separation is increased 
by a small amount dz, work equal to Fdx will be expended. As 
there is no possibility of heat production, the whole of this work 
will be stored in the extended electric field in the form of potential 
energy. Thus the electric field is the seat of potential energy, just 
as a magnetic field is a seat of potential energy. 

Let the P.D. between the plates be v, then v is the work done in 
taking a unit positive charge along one of the lines of force against 
the potential gradient. Hence, if the charge on the condenser is 
increased by a small amount dg, the work done must be vdg. Now 
the P.D. v is associated with a charge g according to the law 


q = Cv 
o. ag = Cav 
.. Work done by increasing the charge by dq 
vdg = Cv .dv 


Hence work done in increasing the P.D. from zero to V 


4 
= i Cvdv 
oO 
= 4CYV*. 
If C and V are expressed in electrostatic units, then the work 
done will be in ergs. If C and V are in practical units—viz. C in 
farads and V in volts—then the work done will be in joules. Thus 


the stored energy in the electric field is }C V2 joules. Compare this 
with the expression $//? for the stored energy in a magnetic field. 


Example. A condenser of capacitance 3 microfarads is charged to a P.D. of 
ete volts. Calculate the stored energy in ergs, ft.-lb., joules, and watt- 
ours, 


10,000 
300 
= 33:3 ES. o.g.s. units 
C=3 x 10-6 farads 

=3 x 10% x 9 x 10. ES. e.g.s. units 
= 27 x 10° ES. c.g.s units. 

(i) ”. Ergs = 4 x (27 x 105) x (33-3)? 
= 1:5 « 10° 


V = 10,000 volts = 
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(ii) Joules = 4 x (3 x 10-*) x (104)? 
L == 150. 
Alternatively since one joule = 107 ergs, we have 
Joules = 1-5 x 10° x 10-7 
= 150 as before 


One joule = one watt-second 


(ili) .°, One watt-hour = ior 
. — 150 =—_ 
.. Watt-hours = 3600 = 042. 
(iv) One erg = one dyne-cm. 
1 1 
~ 981 x 464 * B5a x 1g IP. 
1:5 x°10° 
*, ¥t.-lb. = 
ey 981 x 454 x 2:54 x 12 
= 110. 


17. Charge and Discharge of a Condenser. Let a circuit be made 
up of a battery of E.M.F. HZ, a resistance R ohms, a condenser of 
capacitance C' farads, and a switch 9, as shown in Fig. 44. At the 
instant S is closed the P.D. across the condenser will be zero, but 
this P.D. will gradually increase until 
eventually it is equal to H. While the 3 
P.D. is increasing, the charge g on the 
condenser plates will be increasing, and 
the whole of this quantity will bederived Zp Is 
from the battery. This means that 


while the P.D. is changing, the battery EF 
will be delivering current. This current, HE 
however, will not flow across the di- 

electric, but the quantity of electricity ra, 44 


delivered by it will be stored by the 

condenser. Such a current is called a displacement current, to 
distinguish it from a current in the ordinary sense which flows right 
round a circuit. 


Let v = P.D. across condenser terminals at any 
instant 


The displacement current at any instant is given by 
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dq d 
rater ety NO 
_ Cy 
eat 
But we also have 
. drop in volt along R 
‘(= 
R 
pen 
Sree * 
H-v dv 
Bots oar 
dv 
or v=H-CRT 


The solution of this is 


t 
v = H(1 - ¢7 ©) 


t 
“. G9= EC(l-e ©) 
the condenser thus acquiring a P.D. equal to H# in infinite time. 


Now let the terminals of the charged condenser be joined by a wire 
of resistance R, then the initial conditions are now v= # and 
+= 0. The current 7 will now decrease instead of increasing, so 
that we have 


‘ dq dv 
to 7 oad 


Also the drop in volts along the resistance R is now equal to the 
condenser P.D., so that 


5 v 
Ot Onis ae 
Se eee 
R= Cc, 
dv 
or Ge Ca 


The solution of this is 


t 
v= He CR 
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since the value of v when ¢ = 0 is Z. 
t 
oq = Che 


Suppose we wish to find the time taken for the condenser P.D. to 
drop from the initial value H to some lower value V, then at this 


P.D. we have 


q =CV =CEHe&R 
V ES 
‘jet Bee 
ea 
t’ 
le eg OR 


o 
a) 
———, 
“I 
Se 
| 


18. Oscillatory Charge and Discharge of a Condenser. If a circuit 
contains resistance and capacitance in series, then rise of current 
during charging of the condenser, and the decay of current during 
discharging, are both exponential in character. There are no 
current oscillations of any kind. Now consider a circuit having 
resistance, inductance, and capacitance in series. At any instant 
the quantity of electricity stored in the condenser is given by 


a= fia. 


The P.D. across the condenser terminals is equal to 


Lad fia 


Hence, if at any instant the E.M.F. impressed on the circuit is e, 
we have 


: ee ae ae 
Ri+ L—+-= a= 
a+ ai + G (3 a e 
Put e = E,¢, sin wt, and differentiate with respect to ¢. Then 
a 


: ¥ 
Ro + LS care WE mae COS wt 


The solution of this is ; 


4=A sin(wt-a) oe 9 oe sin (w’t— B) 


4—(T.5432) 
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Linas 
where A= 1\ 
2 WP iets 
(2 +( s A 
o' = fdbn ith 
N LO 41? 


and B, a, and f, are constants. 


The first term of the expression for 7 represents a forced oscilla- 
tion which obeys the laws which will be considered in detail in 
Chapter XIV. The second term represents a free oscillation, some- 
times called a “transient,” of frequency 

R 


pe Oe, eee eek 
2r NTC 42 


This oscillation has a damping term e “1 showing that its 
amplitude dies away exponentially as shown in Fig. 45. The 
term R/2L is called the “ attenuation constant.” It will be seen 
that the resistance R has some influence on the frequency of the 
free oscillation, but if A?/4L? is 
small compared with 1/ZC as, for 
example, in the oscillatory circuits 
of wireless apparatus, then the 
frequency of the free oscillation 
becomes 
sas ka fe 
f 2a N LC 

Now suppose that the circuit, in- 

stead of having an external E.M.F. 


Fie. 45 impressed on it, is allowed to dis- 
ILLUSTRATING FREE AND charge itself after the condenser 
Forcep Oscruiations has previously been charged up. 


The E.M.F. equation then becomes 
di a 4 
a ae ee es 
dt a dt? ar C ; 
d*t =) et as 
Vay aes 
To solve this, put ¢ = ety 


0 
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eee get 
Te Lore 
dy dy R 1 
— 2A aa Seas = | y= 
oY 4 ( +2) +(# + +Pa+ ay : 
R o Be: 
Now put A = — 97, 80 that 1 = ye = 
d*y i OME 5 Sy 
a+ (4- in)e- : 
There are aie cases— 
R? tf? 
Tne fee OS can Sane 
(2) # a ea (75 is) 4 
os ee wy = 0 
y =A cos wi + B sin wt 
Phe a/ tne 
+= (A cos wt + B sin at)e = 


=e, 
=ae ” (cos wt + 9) 
where « and @ are constants. This represents a simple harmonic 
oo 
oscillation whose amplitude «e "” continually diminishes as ¢ 
increases, as shown in Fig. 46. The period 


Oo” “FG ~/TT (, _ R0)4 
i 4b 
If the resistance were zero, the period 


would be 27V LC, showing that the 
presence of resistance lengthens the period 
in the ratio 


1 Fig. 46 
ea DIscHARGE CURRENT OF 
al 
1- R?C\t A CONDENSER 
41 


If R is small, then R?C/4L can be neglected as a small quantity of 
the second order, and the change in period is then negligible. 
To find the points of maximum amplitude, we have 
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This equation has the form 
C cos wt + D sin wt = 0 


* tan of = -— 
See eD 


The solution of this is an arithmetic progression whose common 
difference is 7. The corresponding increments of time are there- 
fore 7/w, and the ratio of consecutive amplitudes in positive and 
negative directions is 


Rt 
pik @ 
The log of this, namely, 
7k 
Ayr log 108, 
is called the logarithmic decrement. 
1 R? 
Oi léte= <a 
OE Tres. 
eee 
Put irom m?* 
d? 
ae Y= 


y = Agent 4 Be-mt 


-(2_m)s Oy 
and i= Ae \2E yes ( de 


Since R/2L >m, both terms diminish asymptotically to zero, and 
the current is aperiodic instead of oscillatory. 


(c) Let Le 


LO 42 
; dy Be 
Then ae Oi y= att B 


ais 
t= (At+ Bye 


The current in this case approaches zero asymptotically, and there 
is at the most one passage through the zero position. 

19. Dielectrics, An insulator is a material which has a very high 
specific resistance in comparison with a good conductor of electricity 
such as copper or aluminium. For this reason conductors which 
have to be maintained at a high potential with respect to earth are 
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either entirely sheathed in insulating material or are supported by 
insulators. Even so, there is always a certain amount of leakage 
to earth, although the leakage current which passes through the 
insulating material is exceedingly small in comparison with the 
useful current carried by the conductor. Thus the specific resistance 
of india-rubber is of the order of 2 x 104 to 10 ohms per cm. cube, 
as compared with about 1-7 microhms per cm. cube for copper. 

The insulation resistance is the resistance to true leakage current 
(i.e. not including surface leakage). In the case of insulated cables, 
the useful current flows axially along the core whereas the leakage 
current flows radially from the core to the sheath. It therefore 
follows that the insulation resistance of a cable is inversely pro- 
portional to its length, whereas the conductor resistance is directly 
proportional to the length. 

Consider unit length of single core ly 7 
cable of core radius r and insu- ie 
lation radius R, as in Fig. 47. An ~ es 
annular ring of radius x will have a 
surface area of 2x2 X 1 = 2zx 8q. 
em., and since the flow of leakage 
current is radial as shown, such a ring 
of thickness dx will offer to the leak- 
age current a path of length dx and 
area 2772. 


Hence, for the resistance of the ring, we have 


Fie. 47 


eg 


oe 27% 


Hence insulation resistance per cm. length of cable 


R 
_pf& 
die Qn x 
partons 
~~ Qn loge r 
2-3p R 
= Gq, 10805 


Hence, for a length J/cm. of cable, we have for the insulation 
resistance 
2-3p R 
= =— logy — 
oe ant 81 > 
Example. r=1:3cm., R=4cem., p=8 X 104 ohms per cm. cube, 


= 8 Xx 108 megohms per cm. cube. Find the insulation resistance per mile 
of cable. 
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R 4 
logo ates log [ais -488 


| = 5280 x 12 x 2-54 
= 16-2 x 10* cm. 


2:3 x 8 x 108 x -488 
2n X 16:2 x 104 


= 883 megohms per mile, or, more correctly, 
883 megohm miles. 


The following are the important electrical properties of insulating 
materials— 


(i) Specific resistance: this has already been considered above. 
(ii) Dielectric strength or breakdown strength. 

(iii) Dielectric loss when subjected to alternating electric stresses. 
(iv) Dielectric constant, or specific inductive capacity. 


Certain mechanical properties are also essential depending on the 
use to which the material is put. Thus for the insulating materials 
used in the manufacture of electrical machinery, the following are 
essentia]— 


(v) Sufficient mechanical strength to withstand vibration, and 
the bending and abrasion experienced during the manufacture of 
the machine. 


(vi) Good heat conductivity. 


(vii) Ability to withstand the maximum temperature attained, 
without change in physical properties or in chemical composition.* 

The breakdown strength naturally depends upon the thickness 
of the material but it is not, as might be expected, proportional to 
the thickness. Thus if the breakdown strength of a certain sample 
is given as x kilovolts per mm, this value x refers to a definite thick- 
ness of sample. The breakdown strength is also dependent on the 
shape of the electrodes to which the voltage is applied, the frequency 
and wave form of the voltage (when alternating), the time of 
application, and on the time taken to bring up the voltage from 
zero to the breakdown value, also on temperature and moisture 
content of test piece. It will therefore be seen that figures of 
breakdown value mean very little unless the test conditions are very 
completely specified. 

Provided that the test conditions are identical and only the 

* Insulatin i i i , 1 
Materials, by Menknouse discussed very fully in Electrical Insulating 


} The standard test conditions can be found in the appendix to Monk- 
house’s book, and in Electrical Engineers’ Data Book, Vol. ii. 
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thickness of the material is varied, the relationship between break- 
down voltage V and thickness ¢ is given approximately by Baur’s 
Law, viz. 

2 

5 


V=at 


where a is a constant depending on the material and also on the 
thickness ¢. 

The reason for the decrease in the electric strength with increase 
in thickness is probably due to the fact that a thick material cannot 
get rid of internally produced heat as well as a thin material, a 
smaller applied voltage per unit thickness therefore being required 
to produce a given maximum temperature. This is in agreement 
with the thermal theory of breakdown given by Professor Miles 
Walker.* According to this theory the action of a solid dielectric 
is governed by the fact that all such dielectrics have a very marked 
temperature coefficient of electric conductivity, or, what amounts 
to the same thing, a decrease in resistance with increase in temper- 
ature. When a dielectric is stressed by the application of an altern- 
ating potential some losses are produced, as explained later, and 
these Josses result in the production of heat. Consequently the 
resistance decreases, causing an increase in current and therefore 
an increase in heat production, and this in turn produces a still 
further reduction in resistance. The process is thus cumulative and 
either (a) a stable condition will be reached if the applied voltage 
is not sufficient to break down the material, or (b) the temperature 
will increase until the material changes its chemical composition, 
and then breaks down. 

Dielectric loss when the material is subjected to alternating 
voltage is of little importance so long as the voltage is low, but it 
becomes of very considerable importance in high tension 
work. For example, insulated cables are now made for working 
voltages of 100,000 and more, and the dielectric loss is a limiting 
factor in their design. Imagine a condenser charged by the applica- 
tion of a steady voltage, then there is an initial rush of current 
which follows the exponential law previously given, but, after this, 
instead of falling to zero the current persists at a low value for an 
appreciable time. The current has been described as “soaking in” 
the dielectric. Similarly, when the condenser is discharged, there 
is an initial rush of current, and the P.D. very quickly falls to zero. 
If, however, the discharging connection is removed and the con- 
denser left for some time, it will be found that a charge has been 
acquired, and this charge in turn can be removed by the process of 
discharging. With some dielectrics this can be repeated several 
times. The first of these phenomena is called absorption, and all 
dielectrics are absorptive to a certain degree. The charge recovered 


* Journ. I.H.H., Vol. xlix, p. 71. 
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or retained after an initial discharge is called the residual charge. 
These phenomena are explained by the assumption that there is a 
viscous movement of the molecules of a dielectric when the material 
is stressed electrically, and that internal forces have to be overcome 
before the molecules can align themselves correctly. This is analog- 
ous to the Weber theory of magnetization. In charging the con- 
denser, there is molecular movement which is rapid at first and 
corresponds to the initial charging current, the movement thereafter 
being much slower. It is clear that with such a molecular mechan- 
ism, work will have to be done and therefore power expended when 
the process of charging and discharging is repeated in rapid cycles. 
This power is the dielectric loss, and the energy conveyed is con- 
verted into heat, which raises the temperature of the dielectric. 
Compare this with the hysteresis loss in magnetic materials subjected 
to rapid cycles of magnetization. 

It is not possible to give a full discussion of the properties of the 
many dielectrics used in electrical engineering practice, but the 
table (on p. 74) giving particulars of the more usual materials will 
be of value.* 

* This is based largely on a table given by Miles Walker in Specification and 
Design of Electrical Machinery. ; 


CHAPTER V 
CONSTRUCTION OF DIRECT CURRENT MACHINES 


1. Essential Features. In order to set up a dynamically induced 
E.M.F. three things are required, namely, a magnetic field, a 
conductor, and motion of the conductor in the field. In dynamo- 
electric machinery the magnetic field is produced by the “ field- 
magnet,” the conductors in which the E.M.F. is induced are placed 
on the “ armature,”’ and the necessary motion is obtained by the 
rotation of the armature within the field magnet. We shall see that 
the E.M.F. induced is an alternating E.M.F., that is, alternately 
positive and negative. To obtain a direct or continuous E.M.F. 
this alternating E.M.F. is rectified by means of a “ commutator ” 
which rotates with the armature. 

2. The Field Magnet. Practically all modern direct current 
machines have a field magnet consisting of a circular yoke with 
inwardly projecting poles, 
the polarity of which is 
alternately N. and S. A 
typical four-pole frame is 
shown in Fig. 48. The 
dotted lines indicate the 
paths of the main magnetic 
fluxes and the full lines the 
leakage paths. It will be 
seen that the flux per pole 
divides at the yoke, so that 
the cross section of the yoke 
carries only half the flux 
per pole. Similarly the 
cross section of the arma- 
ture core carries half the 
flux which enters the arma- 
ture from the air gap. 

The yoke of a large machine is almost invariably made of cast 
steel, because this material has roughly twice the permeability of 
cast iron. Only half the weight of cast steel need therefore be 
used, an important consideration in large machines. The poles 
may be cast steel, cast integral with the yoke, wrought iron, or 
built up of sheet, ic. laminated. Typical methods of fastening 
the poles to the yoke are shown in Fig. 49. 

In the case of small machines, cast iron is often used for both 
yoke and poles, because here the main consideration is cheapness, 
both from the point of view of the materials used and also the 
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amount of machining required by individual parts. Cast iron 
poles obviously require much less machining than, say, wrought 
iron poles. The extra weight due to the use of cast iron for small 
machines is not so important as with large machines. 

The calculation of the ampere-turns per pole for a given magnetic 
circuit is made as follows. The mean path of the flux (see Fig. 50) 


Stee/ Bar 


ii 


“s 
ae 


=: 
APTS 


A 


Magnet Core and Magnet Core Magnet Core 
Yoke cast solid. bolted to Yoke. laminated and 
Separate pole shoe. . rie: 40 _ bolted to Yoke. 


is divided up between the various parts of the circuit. The ampere- 
turns per pole have to overcome the reluctance of half the mean 
circuit, i.e. the path A to F, Fig. 50 


Let J, = mean magnetic length of yoke = AB 


lL, = length of pole = BC 
1, = length of air gap = OD 
l, = length of a tooth = DE 
1, = mean length in core = EF 


Let corresponding suffixes refer to the areas a,, a,, etc. 


In the case of the air gap 
an approximation can be 
made by taking for a, the 
mean of the pole face area 
and the area of the tops of 
all the flux carrying teeth 
per pole. If the teeth are 
not saturated it is sufficient 
to take the mean area at the 
middle, but if they are 
saturated, the areas at the 
top, middle, and root are 
calculated. Let these be ,%,, ; 
o";, and ;*, The required useful flux per pole is known ; let 
this be ®, then the total flux per pole is AM where A is the leakage 
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factor. A can be estimated with sufficient accuracy from previous 
designs, its average value for an orthodox design being 1:2. 

The complete calculation can be set out in tabular form as 
below— 


Flux Ampere-turns per Total 
Part. Flux. Area. Density. em. Length. Ampere-turns. 
Yoke. . : AD/2 ay AQ/2a, at, at, x ly 
Pole . : ‘ AD ay A/a, at, at, Xl, 
Air Gap. 3 O a O/a,=B, at, = 08h, at, x1, 
Top ; 1%} O/,a; sat, 
Middle . O ats D/,a; gat, 
Teeth) Root . > 314 O/,a4 sat, 
Mean J ata= 
iat, + 4aat, +gat, see 
6 
Core . 5 4 @/2 a, O/2a, at, at, x 1, 


The ampere-turns per cm. length in column 5 are of course read 
off from magnetization curves. 

3. The Armature. The armature consists of the core and the 
winding. The core obviously has to be magnetic in order to 
provide a path of low reluctance to the lines of force, and since 
iron is a good conductor of electricity, the rotation of a solid core 
in a strong magnetic field would result in very heavy eddy currents 
(or Foucault currents) being set up. These eddy currents would 
necessitate such a heavy expenditure of energy, and would cause 
such a large amount of heat to be produced, that it is imperative 
to eliminate them as far as possible. Since iron is a conductor 
it is impossible entirely to eliminate the production of these currents, 
but they can be kept down to reasonable proportions by building 
up the core of thin sheets lightly insulated from one another by 
varnish, thin paper, or even the oxide coating they acquire when 
they are “ pickled.” These sheets or discs are about ;/; in. thick. 
Up to about 3 ft. diameter they can be cut out in complete rings, 
but for large armatures it is necessary to cut them out in segments. 
There are thus two typical constructions for a direct current arma- 
ture according as the discs are in one piece or in segments. Fig. 51 
shows the construction of a fairly small armature, about 100 kW 
capacity. The core discs are mounted on a cast iron hub A, which 
is keyed to the shaft, and they are compressed between two end 
flanges /', and F, by means of long bolts. These end flanges also 
serve as coil supports. Because of the various losses which take 
place in the armature, heat is produced, which must be got rid of 
if the armature is to keep cool. This necessitates ventilation, 
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which is effected by separating the core discs into “‘ packets ’’ by 
interposing a number of special spacing discs H, two in the figure. 
These form ventilating ducts, which communicate with the external 
air by means of holes D in the hub, and the fanning action of the 
rotating armature draws air through these ducts, thus producing 


(Ss ieee Ui 


ARMATURE CONSTRUCTION FOR SMALL MAcHINE 


efficient ventilation. In the case of large machines the hub takes 
the form of a “spider,” that is, a flywheel without rim, and the 
segments of the core discs are dovetailed to this, as shown in Fig. 52. 


Fia. 52 
ARMATURE CONSTRUCTION FOR LARGE MAcHINE 


The segments in any one layer butt one against another, but the 
joints in adjacent layers are staggered. 

The core discs before being assembled have parallel sided slots 
notched out from their peripheries, and therefore in the completed 
core a series of axial slots is formed in which the armature winding 
is housed. 
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4. The Commutator and Brush-Gear. The commutator, the 
function of which is to rectify the alternating voltage induced in 
the armature conductors, is a cylindrical structure built up of 
segments of high-conductivity, hard-drawn copper, insulated from 
one another by mica. Fig. 53 
shows the construction for a 
medium sized machine. The hub, 
A, of the commutator is mounted 
on an extension of the armature 
hub, a mechanically sound 
arrangement. The hub is pro- 
vided at one end with a flange, 
B, and between this flange and 
a clamping ring, C, the com- 
Fic. 53 : mutator segments are mounted 
, as shown. The segments have 
V-grooves so that they cannot 
fly out under the action of centri- 
fugal force, and the insulation in these grooves is in the form of 
conical micanite rings. 

The brushes, which are almost invariably of some form of carbon, 
are housed in brush holders. There are several forms of holder, 
the box type probably 
being the best. Fig. 
54 shows a typical 
holder of this type. 
The holder, A, is 
mounted on aspindle, 
which passes through 
B, and the brush, G, 
can slide in a rect- 
angular slot. It is 
pressed on the com- 
mutator by a spring, 
C, whose tension can 
beadjusted by placing 
the small lever, ZH, 
in one of the notches 
shown dotted. At 
the top of the brush 
eee: a flexible copper 
“ pig-tail”’ is mounted, and this conveys the current collected by 
the brush to the holder. 

5. Armature Windings. All modern windings are what are 
called lap or wave winding, or modifications of these. The differ- 
ences in the two types are illustrated in Fig. 55, and it will be seen 
that these differences consist merely in the arrangement of the 
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end connections at the front of the armature. The various “ pitches” 
are also shown in this figure. The length of the end connection 
at the back, measured in terms of armature conductors, is called 
the back pitch y,; the length of the front connection is the front 
pitch y,. The two conductors which join two commutator bars, 
which are consecutive in the scheme of the winding, constitute 
a winding element, and the distance between the first and last 
conductors in an element is called the resultant pitch y. Hence, 


Y =Yzy — Yy for a lap winding 
ff y= Y, + y, for a wave winding 


winding element may be regarded as the “‘ repeat” of which 
thé whole winding is composed, and it is obvious that all the 
the figure shows that the =, 
end connections of con- 
secutive conductors point 
alternately to right and 
left, and from this it 
follows that the partial 
pitches y, and y, must be 
odd numbers, and therefore 
y isan even number. Ina 
simple lap winding y, 
reckoned in conductors, is 
2. We also see from the 
directions of the arrows, 
which, in Fig. 55, represent 
the directions of the 
E.M.F.s in the various conductors, that since the poles are 
alternately N. and S., the partial pitches y, and y, must be 
approximately equal to the pole pitch measured in armature 
conductors. 
6. Example of a Simple Lap Winding. 


Fia. 55 
Winpine PircHrs 


Let No. of poles, 2p =4 
No. of conductors, N = 24 
“. pole pitch = 24/4 = 6 


Now the partial pitches must both be about the same as the pole 
pitch, but they must be odd numbers. Again, their difference 
must be equal to 2. Suitable values are, therefore, 

Yp=71; y= 5. 


The complete winding shown in the form of a developed view is 
given in Fig. 56. The connections to the commutator bars are 


82 ELECTRICAL TECHNOLOGY 


also shown, and it will be seen that there are half as many bars as 
conductors. ; ; 

It is now necessary to find the brush positions, and this requires 
that the directions of the E.M.F.s should be inserted. As diagrams 
of armature windings are liable to be somewhat confusing, it is a 
good plan to draw the equivalent ring or spiral winding. The 
ting winding, now obsolete, consists simply of a solenoid wound 
on an annular ring, with equidistant tappings taken to the com- 
mutator bars. As there are no cross-overs of the end connections 
it is very easy to understand. The equivalent ring is shown in 
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the bottom half of figure, and the directions of the E.M.F.s are 
obtained by reference to the actual diagram. Thus, if the E.M.F.s 
in the conductors under the N. poles are assumed to be, say, 
downwards, then those in the conductors under the S. poles will 
be upwards. There will, of course, be some conductors in the 
inter-polar gaps, but if there is any doubt as to the direction of the 
E.M.F. in any particular conductor it need not be inserted. Tracing 
the general trend of the E.M.F.s through the equivalent ring, we 
find that there are two meeting points of two E.M.F.s and two 
separating points of two E.M.F.s. These are obviously the positions 
at which the + and - brushes respectively should be placed. It 
may happen that, according to the position of the poles relative 
to the winding, some of the brush positions may apparently come 
at the back of the armature. The brush, in such a case, must 
peeonaly: be placed opposite to this position, but at the 
ront. Byes 

The brushes of the same polarity are connected together, and 
therefore the armature winding is divided into four paths in parallel. 
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In general, the number of parallel paths through a lap winding is 
equal to the number of poles ; the terminal E.M.F. is equal to the 
E.M.F. induced in one parallel path ; the current delivered to the 
external circuit is equal to the current in each armature conductor 
multiplied by the number of parallel paths. 

7. Example of a Simple Wave Winding. Sometimes called a 
series winding. In the simple lap winding all the conductors can 
be included in the winding if the number of conductors WN is an 
even number. Any even number of conductors will not necessarily 
do for a wave winding, for when a number of winding elements 
equal to the number of pairs of poles has been passed through, 
the winding returns practically to the starting point, namely, two 
conductors in front of, or behind, the starting point. Hence, 
the product of the resultant pitch and the number of pairs of poles 
must be two greater or less than the number of conductors. 


yX p= N+2 
_ N+2 
P 
° H 4 Yat Ye _y  N+2 
.. Mean pitch, i.e. mpi Sse Be Me a 


As an example, take again 2p = 4 and let N be in the neighbourhood 
of 24 as before. We see that N = 24 will not do, because the 
quotient of (24-2) divided by 4 is not a whole number. N = 26 
will do, and we then have 6} for the pole pitch. Suitable values 
for the partial pitches are therefore 


Hence, y, = yy = 7, if we take y = 14. 
If we take y = 12, then one of the partial pitches must be equal to 7 
and the other to 5, and in such a case it is usual to make y, the 
smaller, because the value of y, fixes the width of the armature 
coils, and therefore the amount of copper used in the coil ends when 
multi-turn coils are used. The values y, = 5 and y, = 7 are used 
_ in the winding shown in Fig. 57. It is assumed that the winding 
is in front of the poles and that it is moving from left to right, the 
induced E.M.F.s being therefore downwards in front of the N. 
poles and upwards in front of the 8. poles. The equivalent ring 
winding is now drawn, and it will be noticed that the conductors 
in this winding are numbered, not consecutively, but in the order 
in which they are connected together in the scheme of the winding. 
On inserting the directions of the E.M.F.s as obtained from the 
actual winding, we see that the winding divides itself electrically 
into two halves, namely, the portion of the winding lying between 
points P and Q on the equivalent diagram, and that lying between 
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points R and P. In the first part, the E.M.F.s induced in the 
various conductors act in series with a general trend from left to 
right, while in the second part the general trend is from right to left. 
Hence, there can only be two parallel paths through the winding, 
and therefore only two brush sets are required, one positive, the 
other negative. The brush positions are found as follows. The 
point P is the separating point of the E.M.F.s in the two halves of 
the winding, and it therefore corresponds to the position of the 
negative brush. But it is at the back of the winding and not at 
the commutator end. We thus have two alternative positions for 
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the negative brush, namely, points S and 7 on the equivalent 
winding, which correspond to the points on the actual winding 
from which tappings are taken to the commutator segments DL 
and H respectively. For the placing of the positive brush, we see 
from the diagram that there are two meeting points of E.M.F.s, 
namely, @ and R, and both of these are at the back of the winding. 
They are separated by one loop only, that composed of conductors 
26 and 7, and therefore the middle point U of the loop is the required 
position. This corresponds to the tapping brought out to the 
commutator segment B. It appears, therefore, that the E.M.F.s 
in these two conductors oppose the E.M.F.s acting in the parallel 
paths in which they lie, but on referring to the actual winding it 
will be seen that they are each situated almost in the middle of 


an interpolar gap, the E.M.F.s induced in them being therefore 
very small. 


/ 
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For one positive brush position, we thus see that there are two 
alternative positions for the negative brush. Now consider the 
two conductors 26 and 7 situated between the points Q and R. 
The winding is moving across the pole faces so that its position 
relative to the poles as represented by the figure is only instant- 
aneous. We see that conductor 26 is just about to move from 
the influence of a 8. to that of a N. pole, and the E.M.F. in it is 
therefore on the point of reversing. But conductor 7 is already 
past the point where its E.M.F. is reversed, so that its E.M.F. will 
not change in direction but will gradually increase in magnitude. 
This means that in a very short interval of time the point FR will 
become the meeting point of two E.M.F.s, and since it is at the 
back of the winding, there will be two alternative positions for the 
positive brush, namely, point U, which has already been considered, 
and the point V, corresponding to commutator segment H. 
Similarly, when the armature has moved a little farther forward 
the segment I adjacent to H will become the second alternative 
position for the positive brush. Hence, if one positive brush is 
making contact with segment B and not either of the adjacent 
segments, then the second positive brush, if used, should be in 
contact with both of the segments H and I. 

If brushes are placed in both alternative positions for both 
positive and negative, the effect is merely to short circuit one loop 
of the winding between two brushes of the same polarity. Thus, 
whether only two or four brushes are used, the number of parallel 
paths still remains at two. Also these loops during the very short 
period of short circuit occupy a position almost symmetrical with 
respect to one of the poles, so that the actual E.M.F. acting round 
the loop and tending to produce circulating currents through 
the loops and connections to brushes of like polarity is very 
small. 

The E.M.F. developed by a simple wave winding is therefore 
equal to that induced in one half of the total number of armature 
conductors all connected in series, whereas the current delivered 
to the external circuit is twice the current in an individual armature 
conductor. 

8. Multi-turn Windings. The single-turn windings, described 
above, are used whenever possible. Such windings necessitate 
half as many commutator bars as armature conductors. If the 
voltage to be generated is high, particularly in a small machine, it 
will obviously be impossible to house only two conductors in a slot, 
one at the top and the other at the bottom, since this would necessi- 
tate too many slots. In such a case, six or eight conductors may be 
placed in one slot, those at the top being taped together, and also 
those at the bottom. The coils so formed are still single-turn coils, 
since they each consist of three or four single turns, insulated from 
one another, and mounted together for convenience. 
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In the case of small machines it is necessary to adopt multi-turn 
coils. The winding in such a case is identical with that for 
single-turn coils, except that each loop of the simpler wind- 

ing is replaced by a coil of 
the required number of turns. 
This is illustrated clearly by 
Fig. 58. Comparing the multi- 
turn lap and wave windings, 
it will be seen that the arrange- 
ment of the coils in the two 
cases is identical. It is only 
the arrangement of the cou- 
nections to the commutator, 
which decides whether the 
winding will be lap or wave. 

Since the construction of an 
actual winding is by no means 
obvious from an examination of 
the developed diagrams, such 
as those given in Figs. 56 and 
57, Fig. 59 has been drawn. 
This figure shows the actual 
arrangement of a four-pole 

Fie. 58 lap-wound armature, having as 

WinDINGs witH Mutti-rurn Corrs many elements as the winding 
in Fig. 56, namely, 24. Each coil 

consists of several turns, and there are two coil sides per slot, each 
coil side consisting of only one element. There are, therefore, half 
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as many slots as elements, that is, 12 slots in the example. It would, 
of course, be possible to tape up coils a and b into a composite coil 
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with two elements per coil side, similarly with coils c and d, and so 
on. In such a case the number of slots would be only one-half the 


Fie. 60. BaLancre or E.M.F.s mv a Lap Winpina 


number required when there are only two elements per slot. Simi- 
larly, if coils a, b, and c were taped up into a composite coil, likewise 


—_= AY 
External Load 
Fig. 61. Errect or BrusH CONNECTIONS ON DISTRIBUTION OF 
CURRENT IN A Lap WINDING 


d, e, and f, and so on, the winding would still be essentially the same, 
although it would now only require one-third as many slots as when 
there are only two elements per slot. For a clear understanding of 
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the completed winding it is therefore necessary to realize that (a) the 
winding is arranged in two layers, and (b) that what appears to be 
a single coil on the armature may in reality consist of several quite 
independent coils all taped up together. This is indicated by a 
comparison of the number of commutator bars and of coil sides. 

9. Equalizer Rings. In a lap wind- 
ing any path from brush to brush 
consists of conductors under the 
influence of two adjacent poles only 
and not all the poles. If the fluxes 
from all the poles are equal, the 
E.M.F.s induced in all the paths 
will be equal, and when there is no 
current in the external circuit there 
will be zero current in the armature. 
Actually it is impossible to obtain 
absolutely equal fluxes from each 
pole, the result being that the E.M.F.s 

Fie. 62 in the various parallel paths are not 

Equaizer CONNECTIONS equal. The resulting E.M.F. acting 

round the armature may give rise 

to large currents even with no external load. When the armature 

is delivering current the circulating current is superposed on the 
load current and produces unequal heating in the armature. 

Referring, again, to the lap-winding of Fig. 56, if we take the 
conductors lying between the first + brush and the first — brush 
positions, we see straight away from the equivalent ring winding 
that these are the conductors numbered 1, 8, 3, 10, 5, and 12. The 
poles influencing these conductors are the first north and south 
poles. Similarly with the other three parallel paths, the conductors 
in them are influenced by two poles only. It therefore follows that 
if the magnetic fluxes entering the armature from each of the poles 
are not exactly equal, the E.M.F.s induced in the various parallel 
paths will not be equal. Since the armature winding forms a closed 
circuit independent of any external connections to the brushes, and 
since, with respect to the armature itself, these paths are in series, 
we see that the E.M.F.s set up in the armature will not exactly 
balance out. Hence, a parasitic current will be set up in the armature 
winding, this current being independent of, and superposed on, the 
current due to the external load. In order to illustrate this point, 
the equivalent ring winding of the lap winding previously considered 
is reproduced in a modified form in Fig. 60. The E.M.F-.s in the four 
paths are indicated as H,, HZ, H3, and H,, their directions being 
indicated by the arrows. The resultant E.M.F. acting round the 
winding in a given direction, say, clockwise, is 

(B, + B,)-(B, + B,) 
If these four E.M.F.s are exactly equal, their resultant will, of 
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course, be zero, and no parasitic currents will be set up round the 
winding. If they are not exactly equal, but have a resultant equal 
to, say, e, then a circulating current will be set up, its magnitude 
being equal to 

€ 


ook 
where # is the resistance of all the armature conductors and their 
end-connections reckoned in series, and not the armature resistance 


a 


Fia. 63. Srx-potrzm LAP WINDING, SHOWING CONNECTIONS TO 
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as measured from brush to brush. This current will be quite inde- 
pendent of the external load on the machine, in fact, it will flow even 
when the brushes are lifted from the commutator. 

When the brushes are in place and the machine is delivering 
current to an external load, the conditions are not quite so simple. 
In the simplified scheme of Fig. 60 it appears that since the four 
E.M.F.s, H,, H,, #5, and L,, are not equal, the two positive brushes 
can be at slightly different potentials, and also the two negative 
brushes. Actually such differences of potential between brushes 
of like polarity cannot exist, because such brushes are joined together 
externally by copper straps of negligible resistance. These connec- 
tions are shown in Fig. 61, in which the winding is again represented 
as a ring winding for simplicity. It is obvious that currents will 
flow along these connections, and since their magnitudes are only 
limited by the resistance of the armature and the brush-contact 
resistances, they may assume very large proportions. In the figure 
they are indicated as 10 and 15 amp., while the load current is repre- 
sented as 50 amp. Now the load current divides into two halves 
of 25 amp. each at the brush connections, and these halves divide 
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again into quarters of 12} amp. each, through each armature path, 
these currents all being indicated in the figure. Hence, when we 
superpose the circulating current through the brush connections on 
to the true load currents, we find that the currents collected by the 
four brush sets are 40, 35, 10, and 15 amp., as indicated by the 
numbers in small circles. Actually each brush should collect 
25 amp. Obviously the overloaded brushes will give trouble ; their 
temperature rise will become much too high, and they will probably 
spark badly, no matter how their position may be adjusted. It is 
to be noted, however, that in the case of lap (not wave) windings, 
any very excessive unbalancing of the current in the different arma- 
ture paths is to some extent automatically checked by the effect of 
armature reaction, to be considered later. 

It will be seen that the conditions represented by Figs. 60 and 61 
are very different. Without the connections between brushes of the 
same polarity the brush potentials are incorrect, but when these 
connections are made, as in Fig. 61, the brush potentials are cor- 
rected, but at the expense of incorrect proportioning of the current 
between the various brush sets. Now, these connections put the 
potentials right, and therefore if similar connections could be made 
without involving the brushes at all, the potentials and current 
distribution at the brushes would be corrected. The clue is given by 
the fact that the brushes joined together are all at the same potential, 
and therefore all that is necessary is to join together by a permanent 
connection (i.e. not involving the brushes) points on the winding 
which should be at the same potential. Such points are very easy 
to find from the wiring diagram. Thus, in Fig. 56 conductors 1 and 
13 occupy exactly the same positions with respect to the two north 
poles, so that their potentials are the same. Also, conductors 8 and 20 
are at the same potential, and since conductors 1 and 8 form one 
loop, while 13 and 20 form another loop, the middle points of their 
end connections, namely, the apexes of the end connections joining 
1 to 8 and 13 to 20, could be connected together. Similarly other 
pairs which could be joined together can be easily found. Actually 
the number of points to be joined by any one connection is equal 
to half the number of poles. Such connections are called equalizing 
connections, and they are usually carried out by rings joined to 
tappings taken off from the back of the armature. Fig. 62 shows the 
elementary scheme of equalizer connections, the number of rings 
in this case being three. A very large armature may have as 
many as 8 or 10 equalizer rings. A more complete diagram of 
equalizer connections is given in Fig. 63. Notice that there are 
ae tappings to each equalizer, three being half the number of 
poles. 


10. Selective Commutation. Since each path in a wave-wound 
armature consists of conductors distributed under all the poles, 
inequalities in the fluxes from the poles do not produce inequalities 


CONSTRUCTION OF D.C. MACHINES 91 


in the total E.M.F.s induced in each of the two paths. As a result, 
equalizer connections are not required with a simple wave winding. 
If more than two brush sets are used, then trouble with the brushes 
may be produced by what is called “ selective commutation.” The 
use of more than two brushes does not divide the armature into 
more than two parallel paths, but the current collected from the 
armature is divided between the brushes of like polarity. If there 
are differences in contact resistance, then it is easy to see from the 
diagrams in Fig. 64 that the currents picked off by the individual 
brush sets may be different. Thus the two brushes A and B 
should each collect a current J, where 2J is the load current, but if 


Fie. 64 
SELECTIVE COMMUTATION 


the contact resistance of A is greater than that of B, A will obviously 
collect less current than B, so that B will be overloaded. Similarly 
with brushes C and D. The brushes must therefore be adjusted 
very carefully when more than two brush sets are used with a wave 
winding. The advantage of using the maxi- 
mum number of brush sets is that the current 
per brush set is reduced, and therefore the 
axial length of the commutator is reduced. 
This gives a cheaper machine. 

11. E.MLF. Equation. Let ® be the flux 
per pole, Z the number of armature con- 
ductors, and WN the speed in r.p.m. Divide 
the flux ® into portions ©,, D,, D3, etc., 
embracing the various conductors, as in Fig. 65. Let « be the 
spacing of the conductors and ¢ the time in seconds required to 
move the distance x. 
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E.M.F. induced in conductor 1 


= sf <x 10° volts 


E.M.F. induced in conductor 2 


= e x 10°° volts 


and so on. 
. E.M.F. induced in all the conductors under one pole 
=o x 10% +92 LOS Pe eee 


: | Be we 
Now the time of one revolution = V minute 


6 
= — seconds 


N 


.. Time taken to move the distance x, which is 1/Z of the 
periphery, 


60 
{= NZ seconds 


*, E.M.F. induced in all the conductors under one pole 


OZN 


pig Ai -8 
60 x 10° volts 


.. E.M.F. induced in all the conductors under all the P poles, 
if all the conductors were in series 


OZN 


—=— -8 
60 x P x 10° volts 


But there are, say, A parallel paths through the winding, and the 
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E.M.F. induced in the winding is the same as that in one parallel 
path, namely, pore 
Oe Ff 


ee -8 
60 xX 7 Xx 10 volts 


Remember that for a lap winding A = P, but for a wave winding 
A= Z 


E 


Example. A two-pole generator has an armature 12in. long, 12in. diameter, 
and the radial depth of the iron in the core is 3in. Each pole subtends an 
angle of 120° and the flux density in the air gap is 5,000 lines per sq. em. If 
there are 200 conductors and the armature rotates at 1,000 r.p.m., find 
(a) the E.M.F. induced ; (6) the flux density in the core. 


Each pole subtends one-third of the periphery, 
7X 12 
3 


.. Area of air gap = 12 x X 2-54? sq. cm. 


= 975 sq. cm. 
.. Flux per pole ® = 975 x 5,000 = 4,875,000 lines. 
Since P = 2, A also must be 2. f 


WEN. PS Ps 43875000 200° 1,000" 2" 


= 162 volts. 


The flux through the cross section of the core is one-half the useful 
flux, ice. 2,440,000 lines. 
Cross section of core = axial length x radial depth 
= 36 sq. in. or 233 sq. cm. gross. 


A portion of this will be taken up by insulation between core discs, 
and if 10 per cent is allowed for this the net section will be 


233 X -9 = 210 sq. cm. 
2,440,000 


Sone 11,600 lines per sq. cm. 


.. Flux density in core = 


EXAMPLES ON CHAPTER V. 


(1) The two-circuit armature of a four-pole generator has 51 slots, each 
slot containing 20 conductors. What will be the voltage generated in the 
machine when driven at 1,500 r.p.m., assuming the useful flux per pole to be 


0-7 megalines ? (London Univ., 1915.) 
Ans.—357 volts. 


(2) State Faraday’s Law of magneto-electric induction, and find from first 
rinciples the voltage of a four-pole lap-wound continuous current generator 
aving a pole flux of 2 x 10 lines, and 560 conductors running at a speed of 

980 r.p.m. How is the terminal voltage affected by load? (London 


Univ., 1911. 
Ans.—183 volts. 
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(3) Calculate the resistance of an armature from the following data— 


Number of slots = 150. 

Conductors per slot = 8. 

Mean length of one turn = 250 cm. 

Cross section of each conductor = 1:0 x 0-25 cm. 

Number of parallel paths through armature = 6. 

Specific resistance of copper at working temperature = 2 x 10-* ohm 

per cm. cube. 

(If the resistance of one parallel path is calculated, the actual resistance will 
be one-sixth of this.) Ss 
Ans.—-033 ohm. 


(4) A four-pole armature is built up of 400 core discs each x, in. thick, 
the discs are 12in. external and 6in. internal diameter. There are 600 
conductors and the armature is wave wound. If the flux density in the 
armature is 10,000 lines per sq. cm., and the speed is 1,000 r.p.m., what will 
be the E.M.F. generated ? 

Ans.—778 volts. 


(5) The exciting winding of a dynamo has 2,000 turns per pole and the 
exciting current is 2 amperes. The armature, which is lap wound, has 500 
conductors, rotates at 1,200r.p.m., and gives 100 volts. Calculate the 
reluctance of the magnetic circuit. 


Ans.—The reluctance of an individual magnetic path is 0-005. 


(6) A 40 h.p., 500-volt traction motor has four poles. There are only two 
brush arms. Assuming that there are 41 slots and 123 commutator bars, 
meke a diagram sufficient to explain how the armature winding may be 
arranged and connected to the commutator. It is sufficient to show the 
connections of three coils. (London Univ.) 

(7) What is the object of equalizing connections on a ¢.c. generator, and to 
what class of winding are they applied ? Give a diagram to show the way in 
which these equalizers are connected up to the armature winding. (London 
Univ., 1909.) 


CHAPTER VI 


ARMATURE REACTION AND COMMUTATION IN D.C 
GENERATORS 


1. Armature Reaction. Armature reaction is the effect of the 
magnetic field set up by the armature currents on the distribution 
of flux under the main poles. Consider an armature rotating in 
a clockwise direction in a bi-polar field, as shown in Fig. 66. Let 
the brushes make contact with those conductors which lie in the 
geometric neutral plane (G.N.P.). 
Then all the conductors under 
the N. pole carry currents whose 
directions are inwards, while the 
currents in the conductors under 
the S. pole are outwards. This 
distribution of armature currents 
is magnetically equivalent to a 
solenoid carrying current, and we 
therefore seo that the armature / 
sets up a M.M.F. directed along 
the brush axis, in this case from 
right to left. The main M.M.F. 
is downwards, and if we represent 
these two M.M.F.s by the vectors 
OA and OB respectively we have 
OC for the resultant M.M.F. The 
magnetic neutral plane (M.N.P.) AG ontan edacedate at A. 

is perpendicular to OC, but on no GENERATOR 

load, when there is no armature 

reaction, M.N.P. is coincident with G.N.P. The effect of armature 
reaction is thus to shift the M.N.P. round in the direction of rotation. 
The magnitude of the shift obviously depends upon: the length 
of OA, and therefore on the magnitude of the armature current. 
The lines of force produced by the armature reaction take the 
path across the pole faces, as shown by the dotted lines. Each 
line of force crosses the air gap twice, and, comparing the directions 
of the armature and main fluxes, we see that the field strength in 
the gaps is weakened under the leading pole tips and strengthened 
under the trailing pole tips. The distributions of gap flux density 
on load and on no load are shown in Fig. 67, curves J and II. If the 
armature teeth are not saturated the weakening of the field under - 
the leading pole tips will be equal to the strengthening under the 
trailing pole tips and the total flux will be unaltered. The areas 
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under-the two curves in Fig. 67 will thus be equal. If the teeth are 
strongly saturated on no load the ampere-turns producing the 
armature cross magnetizing field, as it is called, will not be able to 
increase the flux through the teeth under the trailing half of the 
pole to the extent that they are able to demagnetize the teeth 
under the leading half. The result is that, on the whole, there will 
be a certain amount of demagnetizing action as well as distortion 
of the main field. 

2. Position of Brushes. Since the meeting and separating points 
of two E.M.F.s occur at the magnetic neutral planes, and the 
brushes are placed at these points, it is obvious that the brushes 
must be given a “ forward lead” in order to bring them into the 


GNP 
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resultant M.N.P. This condition is shown in Fig. 68. The total 
armature M.M.F., OA, still acts along the brush axis and it can 
now be resolved into two components, the cross magnetizing com- 
ponent, OB, acting along the G.N.P., and a demagnetizing com- 
ponent, OC, acting in opposition to the main M.M.F., OD. The 
resultant, OH, of all these M.M.F.s is of course perpendicular to 
the M.N.P. We see that when the brushes are given a forward 
lead the armature exerts a definite demagnetizing as well as dis- 
torting effect. The armature distorting, or cross magnetizing 
ampere-turns are those lying above the horizontal WX and 
below the horizontal YZ; the demagnetizing ampere-turns are 
those lying between WX and YZ, and they are comprised within 
an angular distance of twice the brush lead. The distribution of 
air gap density is now represented by curve III in Fig. 67. 

3. Armature Ampere-turns. It is obvious that the armature 
demagnetizing ampere-turns must be neutralized by adding extra 
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ampere-turns on the main field winding. It is, therefore, necessary 
to be able to calculate the armature ampere-turns per pole. Fig. 69 
shows a portion of a multipolar armature the brushes of which 


have been given a forward lead of 9. There are thus a . Z demag- 


netizing conductors in each interpolar gap, that is ate x Z on 
either side of each pole tending to demagnetize it. These will act 
as though they were joined together as shown, and they will produce 
360 * Z demagnetizing turns per pole. Hence, if J is the current 


flowing in each conductor, demagnetizing ampere-turns per pole, 


The total ampere-conductors 
per pole, both cross and 
demagnetizing, 


Total armature ampere- 
turns per pole 
Zl Fic. 69 
a 4p CaLOULATION OF ARMATURE REAOTION 


.. Cross magnetizing ampere-turns per pole, 


per G 
AT, = Bil sa 


Example, A four-pole generator has a wave wound armature with 722 
conductors, which delivers 50 amperes on full load. If the brush lead is 8°, 
calculate the armature demagnetizing and cross magnetizing ampere-turns 


per pole. 
Current per conductor 1 = = > = 25 amperes 


AT g = ao X 722 X 25 


360 

= 400 
PP 28 OE (has oe 
See at heal WT 
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4. Commutation. Whenever a brush spans two commutator 
segments the winding element connected to those segments is short- 
circuited. By commutation we mean the changes that take place 
in a winding element during the period of short circuit by a brush. 
These changes are illustrated in Fig. 70, the winding elements 
being drawn as portions of a ring winding for simplicity. In 
(a) the element B is on the point of being short-circuited and 
it is carrying, in a direction from left to right, half the current 
delivered by the armature to the brush; (b) shows the element 

in the middle of its short circuit period, 

AR CeD and it will be seen that it is possible for 
the currents to reach the brush without 
passing through this element; in (c) the 
same element B is shown immediately 
after short circuit and in this position it 
is, or should be, carrying the full current 
in a direction from right to left. We 
thus see that during the period of short 
circuit by a brush the current in a short- 
circuited element should be reversed and 
brought up to its full value in the reversed 
direction. If the current in B has not 
attained its full value in the position 
shown in (c), then, since element C is 
carrying the full current, the difference 
between the currents through elements 
C and B has to jump from the com- 
mutator bar b to the brush in the form of 
a spark. Thus the cause of sparking at 
the commutator is the failure of the 
current in the short-circuited elements 
CommUTATION to reach the full value in the reversed 
direction by the end of short circuit. The 

curve of current against time in such a case is shown in Fig. 71, 
curve I; what is required is a curve of current similar to curve II. 

5. Reactance Voltage. The difficulty experienced by the current 
in attaining the full value in the reversed direction by the end of 
short circuit is due to the fact that the rate of change of current is 
so great that the self-induction of the coil sets up a back E.M.F. 
which opposes the reversal. Since the current in the coil has to 
change from + I to —J, the total change is 27. If ¢ is the time of 
short circuit and L the self-induction of the coil, then the average 
value of the self-induced E.M.F. is 


21 
t 
This is called the “reactance voltage.” The self-induction, L, is 


Fie. 70 


LK 
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here a composite quantity, being made up of the true self-induction 
of the short-circuited coil and the mutual inductions of its neigh- 
bouring coils. An approximate value for ZL can be determined 
by Hobart’s Rule. Fig. 72 shows an armature coil ; the sides AB 
and C'D are embedded in iron, whereas the triangular ends are free. 


Time of eer) 
circuit 


Fic. 71 Fie. 72 
CuRRENT CHANGES IN A SHORT-crrcuITED To InLusTRATE HoBarRt’s 
ELEMENT RULE 


For slots of normal proportions, Hobart has found by experiment 
that 1 amp. flowing through a coil of a single turn produces a flux 
of 4 lines per cm. of embedded length, and 0-8 line per cm. of free 
length. Hence, J, and J, are the total em- 
bedded and free lengths respectively, flux per 
ampere due to the whole coil 


= 41, + 0-81, for a single turn coil 
and 4nl, + 0-8nl, for a coil of n turns. 
The self-induction of the coil is therefore 
Flux per ampere x No. of turns x 10°° 
= n?(4l, + 0-81,) x 10°° henrys. 
The effect of neighbouring coils can be taken 


SHORT-CIRCUITED 
apa ; ELEMENTS IN A 
into account by writing for the effective co- TP Wrpme 

efficient of self-induction of a short-circuited coil 


Total flux through coil per ampere, ‘ ke 
ake ( due to self and psd B salle ) Mo BL GE WOE 26 20 
Fig. 73 shows the disposition of the short-circuited coils in a 

lap winding. The flux per ampere through one coil due to the 

embedded length is twice that which would exist if the coil had no 
neighbours, but the flux due to the free length is not influenced 
by the neighbours. 


5—(T.5432) 
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. Total flux per ampere through a coil of n turns 
= 8nl, + 0-8nl, 
and the effective coefficient of self-induction is 
L = n*(8l, + 0-87.) x 10° henrys. 


This applies to the case of a brush short-circuiting only one 
coil at a time. If the brush width is such that it short-circuits 
m coils at a time, then, since these m coils will probably lie in the 
same slots, the flux through a coil will be increased m times. We 
then have 

L = mn*(8l, + 0-87,) x 10° henrys. 

This expression shows that LZ is proportional to the square of 
the number of turns in an armature coil. For good commutation it 
is, therefore, advisable to use single turn coils. This can be done 
in large machines where the large number of commutator bars 
required by such a winding does not make the bars too narrow, 
but it is obviously impossibie with small machines. 

It is obvious from Fig. 75 that the period of short circuit is the 
time taken for a point on the commutator to move a distance equal 
to the brush width, less the thickness of the mica insulation between 
segments. Calling these w, and w,, respectively, and the peripheral 
velocity of the commutator in cm. per second, v, we have 


: Ce W,-—w 
Period of short circuit = — = ™ seconds. 


It is, of course, impossible to give maximum allowable values for 
the reactance voltage to cover all cases. In general, it can be 
taken that it should not exceed 0:6 or 0-7 volt in non-interpole 
machines. For a large interpole machine it may be as high as 
15 volts. 

6. Interpoles. There are two methods of making the current 
in the short-circuited element attain its full value in the reversed 
direction by the end of short circuit. They are known as E.M.F. 
and resistance commutation respectively. In E.M.F. commutation 
the short-circuited coil has a voltage induced in it which neutralizes 
the reactance voltage. This induced voltage must therefore be 
in the same direction as the final direction of the current. The 
magnetic field required to induce this E.M.F. is called the com- 
mutating field. One method is to shift the brushes so that they 
lie, not in the M.N.P., but in the fringe of the field produced 
by the next main pole farther ahead. This field will induce an 
E.M.F. in the required direction in the short-circuited coils, with 
the result that if the brushes are advanced sufficiently beyond the 
M.N.P., sparkless commutation will be obtained. This method is 
now obsolete because, since the effect of armature reaction is to 
weaken the field under the leading pole tips, and this weakening 
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increases as the load increases, a very large brush shift is required 
when the load is heavy. Also the brush position has to be adjusted 
when the load varies, an obvious disadvantage. A better method 
of providing the commutating field is to make use of interpoles. 
These are small auxiliary poles placed in the geometric neutral 
planes, that is, midway between the main poles. Their polarity 
must, in the case of a generator, be that of the next main pole 
farther ahead, as shown in Fig. 74. Since the commutating field 
produced by them has to be proportional to the armature current, 
they are series excited (see Chap. VII). The neutralization of the 


Fie. 74 Fie. 75 
Fretp FRAME WITH Errrect or BrusH Contact 
INTERPOLES RESISTANCE 


reactance voltage is thus rendered automatic when interpoles are 
used, and modern machines will operate between no load and 20 or 
25 per cent overload with fixed brush position without appreciable 
sparking. The most important advantage of the use of interpoles is 
that they raise the sparking limit of a machine to about the same 
value as the heating limit, so that for a given output an interpole 
machine can be made smaller, and therefore cheaper, than a 
non-interpole machine. 

It must be noticed that for a given armature current there is a 
proper value for the commutating field, and that it is possible for 
this field to be too strong. In such a case the reversed current 
in the short-circuited coil is forced to too high a value by the end 
of short circuit, and sparking at the commutator takes place in 
the reversed direction. This is called over-commutation and is 
illustrated graphically by curve III, Fig. 71. 

7. High Resistance Brushes. The second method of obtaining 
good commutation is to use high resistance brushes. ~When the 
current flowing from the right (Fig. 75) reaches the commutator 
bar 6, there are two parallel paths open to it. The first is straight 
across the bar b to the brush, the second, round the short-circuited 
element in a counter-clockwise direction and across the bar a. 
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With brushes having a low contact resistance there is no induce- 
ment for the current to take the second path. With carbon 
brushes, which have a high contact resistance, more and more of 
the current flowing to the brush from the right hand will be shunted 
round the element as the bar 6 passes the brush, because the 
area of contact of bar b with the brush is diminishing, and its 
contact resistance, r,, increasing, while the area of contact of the 
brush with bar a is increasing, and its resistance, r,, therefore 
decreasing. Carbon brushes have therefore almost entirely replaced 
copper brushes. The disadvantage of carbon brushes is that they 
can only be worked at a current density of about 40-50 amp. per 
sq.in., as compared with 150-200 for copper brushes. This neces- 
sitates a larger commutator. The properties of a few grades of 
carbon brush are shown below— 


Max. Current Max. Contact Pressure on 
Density, Resistance, Commutaior, 
Amp. per sq. in. | Ohms per sq. in. | Lb. per sq. in. 


Copper . 5 200 -003 


1-5 
Ordinary Carbon . 40 04 2-0 
Electrographitic . 60 02 2-0 


To illustrate the increase in contact resistance obtained by using 
carbon instead of copper brushes, take the case of the ordinary 
carbon brush. For the same area of brush, 

Contact resistance of carbon brush _ -04 


Contact resistance of copper brush “903 ioe 


But for the same current collected, the area of the carbon brush 
is 200/40 = 5 times the area of the copper brush. Hence, since 
the contact resistance is inversely proportional to the area, we have 
for the same current collected 

Contact resistance of carbon brush 13 2.6 

Contact resistance of copper brush 5 

This is sufficient to give improved commutation. In practice, 
both E.M.F. and resistance commutation are used together in the 
same machine. 

8. Compensating Winding. In the case of large direct current 
machines subjected to very violent fluctuations in load, e.g. turbo- 
generators, motors for rolling mills, and colliery winders, it is usual 
to neutralize the cross-magnetizing effect of armature reaction by 
providing the field with a compensating winding. Whenever the 
load changes, the flux density in the air gap changes, as we have 
seen. A sudden change in load will produce a sudden change in 
flux threading the armature coils, and this in turn will set up a 
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statically induced E.M.F. in these coils. The magnitude of this 
induced E.M.F. will depend upon the rapidity of this change of 
load, and it will be very high if the change of load is very great 
and takes place almost instantaneously. This induced E.M.F. 
will appear as a voltage between consecutive commutator bars, 
and if it is great enough it will give rise to a flash over, that is, an 
are completely encircling the commutator, and thereby short- 
circuiting the whole armature. Since the distortion of the field 
which produces this phenomenon is caused by the armature con- 
ductors which lie under the pole faces, it can be eliminated by 
neutralizing the magnetic effect of those conductors. This is done 
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by housing the compensating winding in the pole faces and con- 
necting it in series with the armature in such a way that the 
currents in the armature and compensating windings are in opposite 
directions. The arrangement of these windings on a four-pole 
interpole generator is shown in Fig. 76. 

9. Special Armature Windings. The methods discussed above for 
the prevention of sparking at the brushes are methods which are 
external to the armature itself. Obviously, if it is at all practicable, 
the armature itself should be wound in such a manner that its 
reactance voltage shall be as small as possible. This voltage is 
proportional to the self-induction of the coil undergoing commuta- 
tion, and is therefore proportional to the square of the number of 
turns in the coil. Thus, the fewer the turns per coil the smaller will 
be the reactance voltage, for which reason it is preferable to use 
only single-turn coils whenever possible. Again, when a brush spans 
more than two segments, two or more neighbouring coils may be 
undergoing commutation at the same instant, in which case they 
will induce E.M.F.s in one another by the process of mutual induc- 
tion. The total reactance voltage in any coil is thus the sum of its 
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own self-induced E.M.F. and the mutually induced E.M.F.s set up in 
it in virtue of the changes of current taking place in neighbouring coils. 
It is, therefore, desirable that these mutually induced E.M.F.s, as well 
as the self-induced E.M.F., shall be made as small as possible. One 
solution is to design the winding so that if adjacent conductors are 
undergoing commutation at the same instant, they do not lie side 
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by side, but are separated by a small band of conductors carrying 
the full current in opposite directions. This can be done by using 
what is called a ‘“‘short chord” winding, that is, a winding in which 
the rear pitch, i.e. the coil width, is somewhat less than the pole 
pitch. Fig. 77 shows such a winding. In this winding conductors 
1 and 20 are undergoing commutation at the same time, but they 
are separated by the band of conductors numbered 24, 23, 22, and 
21. Similarly with conductors 13 and 8. 


CHAPTER VII 
CHARACTERISTICS OF D.C. GENERATORS 


1. Types of Generators. Generators are usually named according 
to the manner in which the field or exciting current is produced, 
Not including generators with permanent magnet fields, e.g. 
magnetos, there are four types, as illustrated in Fig. 78. These 
are the series wound, separately excited, shunt wound, and com- 
pound wound. In the series generator the field winding consists 
of relatively few turns of heavy cable or copper strip connected 
in series with the armature and the external load ; the separately 
excited generator has its field supplied from an independent source ; 
the shunt generator has its field connected across the armature 
terminals ; and the compound generator has both series and shunt 
excitation. 

2. Series-Wound Generator. The current which flows through 
the armature also flows through the field winding, and this fact 
determines the nature of the characteristics. If the flux per pole 
is plotted against the current, the armature being driven at constant 
speed, the magnetic characteristic is obtained, its shape being 
given by curve I, Fig. 79. This curve starts a little way up the 
voltage axis due to the residual magnetism when the current is 
zero. If it were not for the demagnetizing effect of the armature 
reaction this curve would give the total flux when the machine is 
delivering current to the external load, but because of the armature 
reaction the actual curve lies somewhat below this. (Curve II.) 
This curve gives to a different scale the E.M.F. generated in the 
armature, because this E.M.F. is proportional to the flux. It is 
called the internal or total characteristic. The terminal voltage 
of the generator is equal to the E.M.F. generated, H, less the ohmic 
drop of volts in the machine. If R,, and R, are the resistances of 
the series field and armature respectively, then, since each carries the _ 
load current I, the ohmic drop is bist 

(By + By.) 
and for the terminal voltage, H,, we have 

EL, = H-I(Rk, + R,,) 
The ohmic drop is represented graphically by a straight line through 
the origin, and deducting ordinates of this line from corresponding 
ordinates of curve II, we obtain the curve of terminal voltage, 
curve III. This is called the external characteristic. We see that 
as the current taken from a series generator is increased, the. ter- 
minal voltage first increases according to an approximately linear 
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law, reaches a maximum, and finally decreases. If it is worked on 
the initial straight portion of the characteristic it will give a voltage 
approximately proportional to the current. The booster (Chap. X) 
is a series dynamo of this kind. If worked on the drooping portion, 
and if so designed that this portion is nearly vertical, the dynamo 
will give approximately constant current, independent of the 
resistance of the external circuit. Series dynamos of this kind used 
to be employed for lighting a number of arc lamps in series, but 

they are now obsolete. . 
If a straight line through the origin, such as OP, is drawn on the 

diagram, its gradient 

tan 0 = PM/OM = Terminal voltage 

current 


= Resistance of external circuit. 


Se te 
Supply 
Field 


Flux or E MF 


a. Long Shunt ‘ 
b. sheet Shunt O 
Fia. 78 Fie. 79 
Merruops or EXorraTion CHARACTERISTICS OF SERIES 


GENERATOR 


Thus, if a series of such lines is drawn, the gradient of each 
corresponding to a definite resistance, the points of intersection with 
the external characteristic will give the terminal voltage and current 
which will be obtained when the external circuit has the correspond- 
ing resistance. N eglecting the initial ordinate due to residual 
magnetism we can draw a straight line OQ which is tangential to 
the characteristic. The resistance represented by this line is called 
the critical resistance, since it is the greatest resistance with which 
the generator will be able to build up its magnetism. If the external 
resistance is greater than this, as represented by OR, then since 
OX has no point of intersection with the characteristic, the generator 
will not excite, and it will deliver no current. 
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3. Separately-Excited Generator. The excitation is here inde- 
pendent of the load current, so that if there were no armature 
reaction the flux would be constant as indicated by curve I, Fig. 80. 
Because of armature reaction the curve of actual flux is slightly 
drooping (curve II). This second curve gives to a different scale 
the E.M.F. induced in the armature, and it is therefore the total 
characteristic. The terminal voltage on load is the total E.M.F. 
generated, less the ohmic drop in the armature (not in the field 
in this case) ; hence, if we draw the curve of armature drop, R,J, 
curve III, and deduct its ordinates from those of curve II, we 


Flux or EMF. 


Armature Current Oltaral Current 
Fia. 80 Fia. 81 
CHARACTERISTICS OF SEPARATELY CHARAOTERISTICS or SHUNT 
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obtain the external characteristic, upper curve III. We see that in 
this case there is a slight decrease in terminal voltage as the load 
increases. This decrease can be easily neutralized by a slight 
increase in exciting current. iba 

4. Shunt-Wound Generator. When the external circuit is open 
the field winding can be regarded as being in series with the 
armature. The machine will therefore build up its own mag- 
netism, and will give full voltage on no load if the resistance 
of the field winding is less than the critical resistance. If the 
voltage across the shunt field did not fall as the external load 
increased, this generator would have a characteristic similar to 
that of a separately-excited generator, but since a fall in terminal 
voltage causes a decrease in exciting current, the total decrease in 
voltage is greater than if the machine were separately excited. 
The external characteristic therefore droops rather more than if 
the machine were separately excited. If the load on the machine 
is gradually increased by decreasing the resistance of the external 
circuit, a decrease in resistance when the current is small will 
cause an increase in current. At the same time the increased 
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current will lower the terminal voltage, this, of course, tending 
to decrease the current. At first the effect of the decreased resist- 
ance predominates over the effect of decreased terminal voltage, 
but when the current has reached a certain value (much greater 
than the normal full load in modern machines) the load resistance 
shunts the field winding to such an extent that the terminal voltage 
decreases more rapidly than the load resistance. Then a further 
decrease in external resistance actually causes a decrease in current. 
The characteristic thus turns back, and when the armature is actually 
short-circuited it cuts the current axis at some point A (Fig. 81). 
The same thing happens to the total characteristic, except that in 
this case it stops at some point B, the ordinate AB representing the 
voltage due to residual magnetism. Actually AB will, in such a 
case, be very small, because the magnetism will be almost completely 
neutralized by armature reaction : it may even be reversed. It is 
for this reason that shunt generators often fail to excite after 
they have been shut down through a severe short circuit. If a 
tangent line OP to the total characteristic is drawn, the resistance 
represented by the gradient of this line gives the minimum external 
resistance for which the generator will excite if it is made to excite 
on load. If the external resistance is less than that represented 
by the line OP it will fail to excite, and therefore deliver no 
current. There are thus two critical resistances for a shunt generator, 
one for the field and the other for the external circuit. 

If the termina] voltage on load is plotted against the load current 
the external characteristic is, of course, obtained. In order to be 
able to determine the total characteristic experimentally it is neces- 
sary to draw the curve of drop of volts in the armature, RJ, and 
the curve of shunt current. If R,, is the shunt resistance, then 
shunt current 
By 
Rep 


In, = 


_ and the required curve is obtained by plotting I,, horizontally 
against H,; it is, of course, a straight line through the origin, 
but because of the high resistance of the shunt field it has a very 
steep gradient, as shown in Fig. 82. Now the armature supplies 
both load and shunt currents, so that for the armature current 


we have 
ls ee (I aa I) 


where J is the load current. 


If we take any point P on the external characteristic and draw 
the perpendicular PM, then for the given terminal voltage, OM = I, 
epee PA horizontally, then AB = I,,, and if we mark of MN—AB 
then 


ON = OM+MN =(I+1,)=1, 
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Hence, the vertical RN is equal to the drop in the armature, and 
therefore if we produce MP to Q, making PQ = RN, the total 
length QM is the sum of the terminal voltage and total armature 
drop, that is the total E.M.F. generated. In this way a point Q 
on the total characteristic is obtained, and if other points are 
obtained in the same way, the total characteristic can be drawn. 
It is useful to be able to pre-determine from the magnetic 
characteristic what the external characteristic will be. The 
magnetic characteristic is the curve of open circuit voltage, or of 
flux, against exciting current, and it can be pre-determined with 
considerable accuracy from design data, or can be determined 
experimentally. A resistance line OA (Fig. 83) representing the 


0 Bt. NN Current 
—————— lor 
iG oO IN Shunt Current 
Fie. 82 Fie. 83 
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shunt resistance R,, is drawn. If any ordinate PMN is drawn, 
then for a shunt current equal to ON we know that 


MN = voltage across shunt winding 
= voltage across machine terminals = H, ° 
But PN = total voltage generated ai 

PM = ohmic drop in the armature = R,J, 

PMc I, ; 
If a series of points is taken on the curve and the resulting values 
of the length MN plotted against the corresponding values of PM 
the external characteristic will be obtained. The ordinates will : 
already be in volts and the abscissae can be converted to amperes 
by the relations 


External current J = /, - 14, 
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5. Conditions for Self-excitation. From the previous discussions 
of the characteristics of the various types of dynamo, it will have 
been realized that there are certain definite conditions which have 
to be fulfilled before a series or shunt-excited dynamo will build up 
its magnetism, and thereby generate a voltage. These conditions 
are as follows— 

(1) There must be some residual magnetism in the field magnet. 
If there is, a voltmeter connected to the armature with the field 
disconnected will give a small reading. ; 

(2) This magnetism must be in the right direction with regard to 
the connections of the field winding to the armature. If the machine 
has been shut down through a short-circuit, the magnetism may 
have become reversed through excessive armature reaction. In such 
a case, &@ moving-coil voltmeter connected to the armature will give 
a small back reading. As a result, when the small E.M.F. induced 
in the armature produces a current through the field winding, the 
field M.M.F. will strengthen the reversed flux and so build up the 
magnetism, and therefore the voltage, in the wrong direction. 
The remedy is to connect the field winding to a separate external 
source which will set up a new residual magnetization in the right 
direction. 

(3) In the case of a series dynamo, the resistance of the circuit 
must be less than the critical resistance. 

(4) In the case of the shunt dynamo, the field is in series with the 
armature with respect to the path taken by the exciting current, 
and consequently there is also a critical resistance for the field 
circuit of a shunt dynamo. There is almost invariably a shunt 
regulator in circuit, and failure to excite is often due to too much 
of this regulator being in circuit. 

(5) In the case of the shunt dynamo there is also a lower limit for 
the resistance of the external load, below which the machine will 
fail to excite if started up with the load switched on to the armature. 

6. The Compound-Wound Generator. The shunt generator gives 
a terminal voltage which falls off somewhat with increase of load. 
It is usual to include an adjustable resistance called the shunt 
regulator in the field circuit, and to cut out some of this resistance 
when the load increases. This can be done by hand, and the 
terminal voltage kept constant if the fluctuations in voltage are 
fairly slow, as, for example, with a lighting load. When the 
fluctuations in load are very rapid, as with a traction load, then 
hand regulation is impossible and it is necessary to keep the voltage 
to the required value automatically. Again, it is usual to connect 
a generator to a pair of feeding points by a cable called a feeder. 
From these feeding points radiate other cables called dis- 
tributors, across which the consumers are connected. The voltage 
across these feeding points is kept constant. Now if each conductor 
of a feeder has a resistance R, then, when delivering current J, there 
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will be a drop in the feeder of 27R. Hence, if the constant voltage 
at the feeding points is H we have for the generator terminal voltage 
an equation which shows that the terminal voltage must rise with 
increase of load. This rise is obtained 
by providing a shunt generator with 
additional series excitation, the 
design being such that, over the & 
working range, the series character- 
istic does not droop. The character- 
istics for the shunt and series turns 
separately are shown in Fig. 84, and 
that of the compound generator is 
obtained by adding ordinates of the 
two curves. The two component 
curves are somewhat concave down- 
wards, and the resulting curve is 
therefore the same. 


If the series excitation is such Fie. 84 
that the terminal voltage on full C#4®4CTERISTIcs or Compounp 
GENERATOR 


load is the same as on no load, the 
generator is “level’’ compounded. If the terminal voltage rises 
with load it is “over” compounded. The length PQ gives this 
rise, and if such a generator is to maintain constant voltage at a 
pair of feeding points we have, obviously, 
PQ =.2IR 
The length PQ expressed as a percentage of the voltage H at the 
feeding points is called the “‘ percentage compounding.” HExample— 
# = 500 volts, K = -025 ohm, full load current 
I = 1,000 amperes 
.. Drop in feeder 
21k = 50 volts 
.. Full load terminal voltage at the generator 
V, = 500 + 50 = 550 
.. Percentage compounding 
hee x 100= 10% 

There are two ways of connecting the shunt field in a compound 
generator, called short and long shunt. These are illustrated by 
the alternative connections shown dotted in Fig. 78. The short 
shunt is the more usual arrangement as it gives a somewhat higher 
voltage due to the fact that the shunt field has the full armature 
voltage across it. In the long shunt arrangement the voltage 
across the shunt is the armature voltage less the ohmic drop in 
the series field. 
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7. Efficiency of D.C. Machines. When calculating the efficiency 
of electrical machinery it is convenient to express power in electrical 
units, namely, watts. The efficiency of a generator is then 


~ Output Output 
7 Intake Output -++ Losses 
The losses can be subdivided as follows— 


I. CopprrR LOSSES. 


(a) Armature copper loss = I,7R,. About 30 to 40% of the total 
full load losses. 

(b) Field copper loss = J,,?R,, in a shunt winding; I,,?,, in a series 
winding. About 20 to 30% of total losses at full load. 

(c) The loss due to brush contact resistance. This can conveniently 
be taken into account by including the brush contact resistance in the 
armature resistance. 


If. Maanetic orn Iron Losszs. 


(a) Hysteresisloss. Proportional to {(Flux)!-* x Speed}. 

(b) Eddy currentloss. Proportional to {(Flux)? x Speed?}. 

These two losses are therefore approximately constant in a machine 
whose flux is approximately constant, e.g. shunt or compound machines, 
but variable in the case of a series machine. The two together represent 
20 to 30 % of the total losses at full load. 


III. Mecuanicat Losszs. 


(a) Friction at bearings and commutator. 

(6) Windage of rotating armature. 

Together 10 to 20% of total losses, independent of the load, and pro- 
portional to the speed for small variations in speed. 


The magnetic and mechanical losses are often grouped together 
and called collectively the stray losses. 

The efficiencies of generators depend, of course, upon the output, 
average values for the full load efficiencies varying from 70 per 
cent for 1 kW machine to 95 per cent for a 1,000 kW machine. 

In the case of a shunt or compound machine the shunt copper 
loss and stray losses are constant. We can then write 


Total losses = Armature copper loss + Constant losses (W,) 
= Ral + I,,)? + W, 
where J is the load current. 
Output = VI 

; +f | a's VI 

0 VIF RI +I + W, V+ RT? + Ww, PPO 
since J,, is small compared with J 

] 


uM PRL 
1+ (4 7) 
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Now the product of the terms in the brackets is a constant since 
#, is approximately constant, I being the variable. Hence, their 
sum is a minimum, and the efficiency, a maximum 


eorelee 
when ome 1 


I 
when I= W, 
h, 


Hence, if the efficiency is plotted against 
the load current, a curve of the form 
shown in Fig. 85 will be obtained, the 
position of the maximum being defined 
by the above value of the load current. 


Example, A 400 volt shunt generator ee 
has a full load current of 200 amperes ; its Fra. 85 
armature resistance is -06 ohm, and field Erricrmncy CHARACTERISTIC 
resistance, 100 ohms; the stray losses are 
2,000 watts. Find the h.p. of its prime mover when it is delivering full 
]oad, and find the load for which efficiency of the generator is a maximum. 


| 


Efficiency 


I = 200 amp. on full load. ie = z= = 4 amp. 
8 

I,=I1+1,, = 204 amp. ; 
.. Armature copper loss J,?Rh, = 204? x -06 = 2,500 watts 
Field copper loss I,,?R,, or [,,V = 4 x 400 = 1,600 watts 
Constant losses W, = field copper loss + stray losses 

= 3,600 watts 
.. Total full load losses = 2,500 + 3,600 = 6,100 watts 
Output VI = 400 x 200 = 80,000 watts 


Intake = 80,000 + 6,100 = 86,100 watts 
‘ 86,100 _ 
.. H.P. of engine ssicar 77 eam 115 
80,000 
of = 86.100 93, or 93% 


The load at which 7 is a maximum is 
1 = /3:800 _ 945 amp. 
06 


This is greater than the normal load because the armature resistance 
is on the low side for a 400 volt generator of 80 kW output. 
Example. A series generator of total resistance 0:5 ohm is running at 


1,000 r.p.m. and delivering 5kW at a terminal p.d. of 100 volts, If the 
speed is raised to 1,500 r.p.m., and the load, adjusted to 8 kW, find the new 


current and terminal p.d, 


Assume that the machine is working on the straight portion of 
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the characteristic ; then the flux is proportioned to the current, and 

the E.M.F. generated, proportional to the product of flux and speed. 

(a) Speed 1,000 r.p.m. 
Output 5kW = 5,000 watts 

; 5,000 

V=100 -.Lf= 00 


- +, Dropin machine IR = 50 x 0:5 = 25 volts, and the total 
E.M.F. generated #, = 100 + 25 = 125 volts 
., 125 cc speed X flux 
oc speed x current, o 1000x50 . ~. ~- (I) 


(b) Speed 1,500 r.p.m. 


= 50 amp. 


Let I = new current 
Va Output 8,000 
¥ eile bee el 
Drop in machine RI = -5I 
”, E.M.F. generated Z, = V + drop = —_ +-5I 
Again, H, oc new speed X new current 
e 5.0 + “BI cc 1,500 se Ete 8 gh Wak is 
Dividing equation (2) by (1), 
8,000 
TOE Sa p00! 
125 ~~ 50,000 
I = 49-6 amp. 
8,000 
v= “49-6 =161 volts 


Exampies on CoaptTer VII. 


(1) A shunt dynamo gave an external characteristic as follows— 


Current 0 4 8 12 16 20 
Terminal Volts 89:5 88:5 87 84:8 82-2 79 


Its armature and shunt resistances were :22 and 45 ohms respectively. Plot 
. its total characteristic. 

(2) The above dynamo, when connected short-shunt compound, gave the 
following terminal voltages for the same load currents 89-5, 89-9, 90, 90, 
89-5, 88-2. The resistance of its series winding was -10. Deduce its total 
characteristic. 

(3) If a dynamo is level compounded at 1,500 r.p.m., what will be the 
nature of its voltage characteristic at 1,000 r.p.m., if the shunt regulator is 
not altered ? ; 

(4) Given the magnetization curve of a self-excited, shunt-wound generator, 
show how to determine the open circuit voltage with a given total resistance 
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in the shunt circuit. Show how to estimate the rise in voltage when the 
speed is increased by 10%, and explain how the external characteristic of the 
machine may be estimated. (London Univ., 1922.) 

(5) Find how many series turns per pole are needed on a 500 kW com- 
pounded dynamo required to give 500 volts on no load and 650 volts on full 
load, the requisite ampere-turns per pole being 7,900 and 11,200 respectively. 
The shunt winding is designed to give 500 volts at no load when its tempera- 
ture is 20°C. The final temperature is 60°C. (C. and G., 1923.) 


Ans.—4 series turns per pole. 


(6) A shunt generator has a full load current of 100 amperes at 110 volts. 
The stray losses are 500 watts and the shunt resistance is 55 ohms. If the 
efficiency at full load is 88 per cent, find the armature resistance. Then 
find the efficiencies at one-half of full load and at 50 per cent overload, 
assuming that the voltage is kept constant at 110. At what load current 
will the efficiency be a maximum ? 


Ans.—(a) 075 ohm ; (6b) 86 per cent; (c) 87 per cent: (d) 96 amps. 


. CHAPTER VIII 
THE DIRECT CURRENT MOTOR 


1. General Principles. Any direct current generator will run as 
a motor, that is, convert electrical power to mechanical power, 
if its field and armature are connected to a suitable electric supply. 
The essential construction of a motor is identical with that of a 
generator, and when there is any external difference in appearance 
this is due to the fact that whereas the frames of generators can 
as a rule be open, those of motors are either partly or totally 
enclosed because of the rougher (mechanical) usage to which the 
latter are subjected. 

Fig. 86 (A) shows one conductor on the armature of a generator 
rotating clockwise under a N. 
pole. Fleming’s right-hand rule 
indicates that the induced E.M.F. 
is inwards, and therefore the 
current in that conductor is also 
inwards. This current sets up a 
magnetic field, the lines of force 
of which are concentric circles 
round the wire and in a clock- 
wise direction (from the corkscrew 
rule). This field is seen to act in the same direction as the main 
field on the right-hand side, and in opposition on the left-hand side, 
the result being that the actual distribution of the lines of force in 
the resultant field is as indicated in Fig. 86 (B), some of the lines 
being bent round the conductor. Now magnetic lines of force are 
always in a state of tension, the bent lines of force setting up a 
mechanical force on the conductor much in the same way that the 
bent elastic of a catapult produces a mechanical force on the stone. 
In the case of the generator it will be noticed that this force is in 
opposition to the direction of motion. It is therefore called the 
magnetic drag, and it is this drag acting on all the conductors that 
the prime mover has to do work against. For a current of I 
amperes flowing in a conductor of / cm. placed in a field of H c.g.s. 
units the drag is given by 


Generator Motor 
Fig. 86 


the denominator 10 being introduced because 1 amp. is one-tenth 
of the c.g.s. unit of current. 

2. Back E.M.F. Now suppose that the machine is uncoupled 
from the prime mover and that current is sent through the armature 
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and field from an external source. If the excitation of the field and 
the directions of the armature currents are the same as before, the 
magnetic drag will be set up in the same direction as before, and 
under its influence the armature will rotate. The machine will 
now berunning asa motor. We thus see that for the same direction 
of armature currents and the same excitation, the direction of 
rotation of a motor is opposed to that of a generator—Fig. 86 (c). 

Now when the motor armature rotates the armature conductors 
cut the lines of force of the field, and as a result, they have E.M.F.s 
induced in them. The direction of one such induced E.M.F. in an 
individual conductor is, of course, given by Fleming’s right-hand 
rule, and applying this rule to the conductor in Fig. 86 (C) we see 
that the E.M.F. is outwards, that is, opposed to the current. This 
induced E.M.F. in the case of a motor is therefore called the 
** back E.M.F.” The supply E.M.F. has to do work against this back 
E.M.F. in forcing the current through the armature. If the in- 
duced E.M.F. in an armature is opposite in direction to the current, 
then the machine is motoring ; if it is in the same direction as 
the current, the machine is generating. The magnitude of the 
back E.M.F. is, of course, given by the expression for the generated 
E.M.F. Calling the back E.M.F. #,, we have 

OoZn _P ie 

3. Speed of a D.C. Motor. The speed of a motor automatically 
adjusts itself to the load so that the electrical power required to 
drive the current through the armature is equal to the mechanical 
power required to drive the load. The load here includes all those 
losses in the motor which are produced by rotation, namely, the 
magnetic and mechanical losses. 


Hence, ,I is « Speed x (Total retarding torque). 


OZN _P : 
~, Resultant E.M.F. acting in the armature circuit 
ozn _P i 
where H is the E.M.F. applied to the armature terminals. 
DIN < 
ee E ay x a 10 
ai, R, 
- A 
*, Speed N bile ele x a LU" 
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Now in modern machines the drop of volts in the armature, 
R,[,, is small compared with H, so that we have, approximately, 


we as so long as H is constant. 


® 


Thus the speed of a D.C. motor is inversely proportional to the 
flux per pole. 
4, Conditions for Maximum Power. We have 


H=H,+ Rl a 
EI, =1H,1,+ R,!,’ 
This is an equation of power, the various terms having the following 
meanings— 
EI, = total power supplied to the armature 


E,I, = power converted into mechanical power 


R,I,2 = power dissipated as heat due to the armature 
resistance 


Hence, mechanical power of the motor 
Wn hla gla 
dW mn 
dI, 


Sts Mitel ag 

= 0 

and corresponds to a maximum when 
Rig = H/2 or Ey = B/2. 


Thus @ motor develops the maximum mechanical power when the 
armature current is such that the back E.M.F. is equal to one-half 
of the applied E.M.¥. This is not attained in practice, since it 
necessitates a current well beyond the normal working range. Also 
an amount of power equal to the mechanical power developed 
would be wasted in heating the armature, so that, taking other 
losses into account, the efficiency would be well below 50 per cent. 
5. Torque. If P = no. of poles and A = no. of parallel paths 
through the armature, the current in each individual conductor is 
Sed 
Consider that the flux per pole ® is divided into separate fluxes 
®,, ®,, ®,, etc., which embrace the individual conductors, as 
shown in Fig, 87, 
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Then force on conductor 1 = ae dynes 


force on conductor 2 


force on conductor 3 


.. Total tangential force on all the 
conductors under one pole 


ea 0,I, ®,[, ®,/, 
102A ‘) 102A oh 102A ht clions 


ath LP 
~~ 102A Fic. 87 


. CALCULATION OF ToRQUE 
or A Moror 


.. Torque due to this force 


Ol, 


mane Xx r dyne cm. 
Now the distance x a ci 
.. Torque due to all the conductors under one pole 
OT Se. Z ®!,Z_ 1 
gece gee, = —d : 
ieee oy rite As a 


Hence torque due to all the conductors under all the P poles 
@1,2 _P 


oo Py ! 
200 4 yne cm 
I pee 
een! ee ar ee = Thin. 
Sp See ameer yo ia ale en 


=1-41 x 10° O1,2 x Fb, bd 


Example. A four-pole armature 50 cm. in diameter has 1,000 conductors, 
each of active length 25cm. The pole span is two-thirds of the pole pitch, 
and the average flux density in the gap is 6,000 lines per sq.cm. Calculate 
the torque in lb. in. when each conductor carries 10 amp. 


No. of active conductors = those in the magnetic field 
= % of 1,000 = 667 
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Force on each conductor a7! eae O00 CO 150,000 dynes 


10 
.. Torque exerted by each conductor 
= 150,000 x 25 = 3,750,000 dyne cm. 
.. Total torque = 3,750,000 x 667 dyne cm. 


__ 3,750,000 x 667 __ 2200 Ib. in. 
981 x 454 x 2°54 
The equation for the torque can also be derived directly from the 
back E.M.F. equation, as follows. The power required to overcome 
the back E.M.F. is that which provides the mechanical torque. If 
the torque is 7’, the work done per revolution is 7’ x 27, since the 
work done by a torque is equal to the product of the torque and 
the angle turned through (in radians). The work done by the torque 
per second is thus 


T X 27 x N/60 
which must be #,J,. Therefore 
T = L,I, ~ (27N/60) 


O@ZN P 
=A a xX | x 10° x ee x 10° — (27N/60) 
De Tee en 
= 207 S< A yne cm. 
: Pee 
= 1-41 x 10 SOI ,Z Xx A lb. in. 
PF 
= 1:17 x 10"O!,Z x q lb. ft. 


The multiplier 10’ is to reduce the joules to ergs, which are dyne 
centimetres. 

6. Armature Reaction and Commutation. Suppose that the 
brushes are placed first of all in the G.N.P. (Fig. 88), then if the 
armature is rotating clockwise the directions of the armature 
currents will be outwards under the N. poles, and inwards under 
the S. poles. The armature therefore acts like a solenoid whose 
axis coincides with the brush axis, as in the case of a generator, 
but in this case the armature M.M.F. OA is directed from left to 
right. OB is the main M.MF., and OC, the resultant M.M.F. 
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We see that the magnetic neutral plane M.N.P., which is per- 
pendicular to OC, is now shifted backwards, instead of forwards 
as in the case of the generator. Also on comparing the directions 
of the lines of force of the armature cross field with the main field, 
we see that the main field is strengthened under the leading pole 
tips and weakened under the trailing pole tips. 

It is necessary to give the brushes a backward lead in order to 
bring the brush axis into the M.N.P. We can then divide the 
armature conductors into two groups, those lying above WX and 


~ - 
ae 


— 


Fia. 88 
ARMATURE REACTION or A Motor 


below YZ, and those lying between these two planes. The first 
group produces a cross field OB whose M.M.F. acts from left to 
right, and the second group produces a M.M.F. OC which is in 
opposition to the main M.M.F. OD, and therefore sets up a demag- 
netizing effect. Thus when the brushes in a generator and a motor 
are set so as to be in the M.N.P., a demagnetizing action is set up 
by the armature in each case, but the cross magnetizing fields are 
opposite in direction. 

In some cases motors are required to run in both directions 
without sparking. In such a case it is obvious that the brushes 
must be placed in the G.N.P. In order to cut down the distortion 
of the field produced by the cross field to.a minimum, the field 
magnets are designed to be nearly saturated. At the same time 
the air gap is made rather longer thanin the case of a motor running 
in one direction only. Since each line of force of the cross flux 
has to cross the same air gap twice, this causes a considerable reduc- 
tion in the total cross flux, thereby minimizing distortion. It is, 
of course, necessary to provide the excitation with additional 
ampere-turns to drive the flux across the long air gaps, and such 
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machines are said to have “ stiff’ magnetic fields, the field system 
being magnetically strong compared with the armature. 

D.C. motors, like generators, are commonly fitted with interpoles 

in order to ensure good commutation. In either case their function 

is the same, namely, to force the current in a 

mee a coil short-circuited by the brush to attain its 


full value in the reversed direction by the end 
Ni of short circuit. Since the currents in the 
armature conductors flow in the reverse direction 


oe ™ to those of the generator when the directions 
Motor of rotation are the same, it follows the polarity 
rie of the interpoles must be reversed. Their 

j polarity with respect to the polarity of the main 
Bie ot poles and to the direction of rotation is, for a 


motor, as indicated in Fig. 89. 

7. Characteristics of D.C. Motors. There are three ways of 
exciting the field of a D.C. motor; these are series, shunt, and 
compound, and the characteristics of the motor are determined by 
the method of excitation. Consider first of all the series motor. 


Current 


Fie. 90 Fie. 91 
CHARACTERISTICS OF SERIES MoTorR 


The flux varies with the motor current, the relationship between the 
two being given by the magnetic characteristic (Fig. 90). If the 
flux due to armature reaction is deducted, the dotted curve in the 
figure will be obtained. Now we have seen that the speed is 
inversely proportional to the flux, and therefore, if we plot 
reciprocals of the flux against current, the speed-current curve will 
be obtained. From its shape we see that the series motor is 
essentially a variable speed motor, the speed being low on heavy 
load and dangerously high on light load. For this reason the 
series motor is never run without some mechanical load on it, 
otherwise it might fly to pieces. If the saturation point is 


not reached, the flux ® is approximately proportional to the 
current I. 
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Now torque 7 c« OxI 
But © cI 
ae t* 


On light loads the torque-current curve is therefore a parabola, 
but when J is so great that ® becomes nearly constant, 7’ becomes 
proportional to J to the first power, and the curve becomes 
asymptotic to the dotted straight line through the origin, as shown 
in Fig. 91. 

Below the saturation point we have ® proportional to J 


1 
N rah 
Bd 


1 
ai 


From the above we see that, so long as the iron is not saturated, 
the series motor exerts a torque proportional to the square of the 
current. Its starting torque is therefore very high, for which 
reason it is used in cases where heavy masses have to be accelerated 
quickly, e.g. for electric traction and for hoist work. The falling 
off in speed as the load increases is also a considerable advantage 
for such duties, since it automatically relieves the motor from 
having to carry excess loads. Thus, if a tram travelling up hill 
falls to half speed, the load on the motor is only half of what it 
would be if the tram raced up at full speed. 

If the speed-current and torque-current curves are drawn on the 
same diagram, then by measuring ordinates on the two curves 
corresponding to a series of values of current, the speed-torque 
curve can be drawn. This curve is sometimes called the ‘‘ mechanical 
characteristic,” and for a series motor it is similar in shape to. 
the speed-current curve. 

Example. A series motor takes 20 amp. at 400 volts to drive a fan at 
250 r.p.m. Its resistance is lohm. If the torque required to drive the fan 


varies as the square of the speed, find the necessary applied voltage and current 
to drive the fan at 350 r.p.m. 


Assuming a straight line magnetic characteristic, 
eett De I oc: 13. Bubs Po, NA 


bee, Hence, new current = ae xX 20 = 28 amp. 


Motor back E.M.F. at 250 r.p.m. = 400 -(20 x 1) = 380 
Motor back E.M.F. at 350r.p.m.= H#-(28 x 1) 


124 ELECTRICAL TECHNOLOGY 


Now back E:M.F. oc ®x N,ie. co Ix N 


E-28 28 x 350 
380 20 x 250 
H = 717 volts. 


8. The Shunt Wound Motor. For a constant applied P.D. the 
exciting current is constant. The flux will therefore have its 
maximum value at no load, and because of armature reaction will 
decrease slightly as the load increases. For most purposes this 
decrease can be neglected, and the flux per pole, D, can be regarded 
as constant. We then have from the equation on page 117, 
speed 


= K(H-R,I,) where K is a constant. 
Let NV, and I, be the no load speed and armature current, and 
N and I, the speed and current at any other load. Then 
N = K(E-8&,I) 
N,= K(£E-8&,I,) 
: vil H-R,JI _N,-N_ RI -R,1, 
Aad a Rae 25 a nme (ype hed ier a 
This equation shows that since J, is small the drop of speed of 
a shunt motor from no load to any other load is proportional to 
the drop of volts in the armature at that 
load. This, of course, assumes zero arma- 
ture reaction ; actually, since the armature 
exerts a demagnetizing action, ® will 
decrease as J increases, and therefore the 
fall in speed will not be quite so great as 
indicated by the above expression. Since 
the full load drop in the armature is small 
compared with the applied voltage, we see 


Speed 


pega that the speed-current curve of a shunt 

Fia. 92 motor is a slightly drooping curve, as 
CHARAOTERISTIO OF shown in Fig. 92. It is instructive to 
Saunt Moror deduce the drop of speed in another 


manner. Whatever the load on the motor 
may be, the back E.M.F. adjusts itself to such a value that 
sufficient armature current can pass to produce a torque equal to 
the total opposing torque. Let the line AB represent the applied 
voltage, and let the 


A | 0,0 18 


back E.M.F. be AC at a given load. Then BC is the resultant 
E.M.F. and represents to another scale the armature current. 
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Since ® is approximately constant, BC represents to still another 
scale the opposing torque. If the torque is doubled, C has a new 
position, C,, where BC, = 2BC. The back E.M.F. is now AC, and, 
since the speed is proportional to the back E.M.F., the speed falls 
from AC to AC,. If the torque is trebled, C moves to C, where 
BC, = 3BC,and the new current and speed are represented by BC, 
and AC, respectively. Thus, if the lengths of AC are plotted against 
the lengths BC, the speed-current characteristic is obtained. 


Example. A six-pole lap wound shunt motor has poles 20 cm. square and a 
flux density in the gap of 5,000. The armature is wound with 500 wires having 
a total length of wire of 24,000 cm. and -07sq. cm. area. Find the speed 
of the motor with 100 volts on the terminals and 120 amp. in the line. 
(London Univ., 1912.) 


® = 5,000 x 20? = 2 x 108 lines 


Resistance of all the armature wires in series = = ao 
= ‘7 ohm. 
Hence resistance of armature with 6 parallel paths 


7 
By = B= 0194 


Deducting, say, 5 amp. for the shunt current, the armature current 
will be 115 amp., and the drop in the armature, :0194 x 115 = 2 
volts, roughly. 


.. Back E.M.F. EL, = 100-2 = 98 volts. 
But Wg ee oe re 108 


L. DU Kee x, LO” 
2 x 10% x 500 
= 588 r.p.m. 

From the general equation for the torque of a D.C. motor, we 
see that, since ® is approximately constant, the torque is pro- 
portional to the armature current. Hence, the torque-current 
characteristic is a straight line through the origin. The mechanical 
characteristic can be determined from the two electrical charac- 
teristics as before. It is a slightly drooping curve similar in shape 
to the speed-current curve. 

Sometimes, when starting a shunt motor, it is found that it takes 
a very large current and runs at a high speed in the wrong direction. 
This phenomenon is due to a break in the shunt winding. The 
demagnetizing effect of the sudden rush of current at starting 
reverses the residual magnetism in the field, and the only flux 
present is that due to armature reaction. This flux is comparatively 
weak and in the reverse direction to the proper main field, thus 
causing the motor to run at high speed in the reversed direction. 


126 ELECTRICAL TECHNOLOGY 


Since the armature drop of volts on full load is proportional to 
the fall in speed from no load to full load, and since the full load 
drop is only about 4% of the applied voltage on the average, the 
shunt motor can be regarded as a constant speed motor. If the 
drop in speed has to be made up, this can be effected by inserting 
resistance in the shunt field, thereby reducing the flux. Shunt 
motors are therefore suitable for driving 
See ae: light machine tools and for all purposes 
where an approximately constant speed is 
required. 

9. Compound Wound Motor. The series 
field may be connected in the circuit so 
as to either help the shunt field or oppose 
i~ it. In the first case the motor is “ cumu- 
| llead Jatively ’? compounded, and in the second 
case, ‘‘ differentially’ compounded. If 

Jorque. the series field of the differentially com- 
Fra. 93 pounded motor is so adjusted that the 
CHARACTERISTICS OF — fy] load decrease in flux produced by it 
Comrounp Motors — ig just sufficient to make the full load 
speed equal to the speed on no load, then, for any other load 
within this range, its speed will be approximately constant. Its 
mechanical characteristic is shown in curve A (Fig. 93). This 
appears to be an advantage at first sight, but there are two dis- 
advantages. In the first place, when the motor is being started, 
the shunt field will take some time to build up, and therefore, the 
series field will be established first, owing to the initial rush of 
current through the armature and series field. The motor will 
therefore tend to start up the wrong way. When the shunt field 
is fully established the total field will be so small that there may 
not be sufficient torque to run the motor, and the armature will 
take an excessive current from the supply. This difficulty can be 
overcome by short-circuiting the series field during starting, and 
only putting it in circuit when the motor is under way. The second 
disadvantage is that if the motor becomes overloaded, the resulting 
decrease in flux will tend to force up the speed so that the motor 
will be very seriously overloaded. In fact, when the current 
attains a certain value, the motor becomes unstable, and it begins 
to race like a series motor on no load. The motor is thus dangerous 
to use unless there is no possibility of the load exceeding the 
normal full load. 


The cumulatively compounded motor has an increase in flux as the 
load increases, with the result that the speed decreases, but not so 
rapidly as in the case of the plain series motor, because of the 
constant flux produced by the shunt field. The mechanical charac- 
teristic is therefore between those of the series and shunt motors, 
its nearness to one or the other depending upon the number of series 


Speed 


ra 
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turns (Curve B, Fig. 93.). The falling off in speed affords relief 
to the motor if a sudden load comes on, and the motor is therefore 
used largely for driving heavy machine tools where sudden deep 
cuts may be taken. This motor is also suitable for driving con- 
tinuous running rolling mills, for which duty it is coupled toa heavy: 
flywheel. When a billet is inserted in the rolls the sudden increase 
in load causes the speed to decrease, with the result that the fly- 
wheel gives up some of its stored kinetic energy, thereby taking the 
strain of the sudden peak load off both motor and supply mains. 


or 


8: S 
$s 
Supply Supply 
Fie. 94 Fie. 95 
Non-avuToMAtTio STARTER STARTER witH No-voLT AND OVERLOAD 
RELEASES © 


When the load is light, the speed rises and the flywheel acquires the 
kinetic energy it gave up previously. In this way, provided that 
the successive peak loads do not come on before the speed has had 
time to reach the full value again, the flywheel, in conjunction with 
such a motor, acts as a load equalizer. Its function is to look after 
all the sudden fluctuations in the load and to leave the motor and 
supply to cope with the steady average load. 

10. Motor Starters. For all but fractional h.p. motors, a 
resistance should be placed in the armature circuit at the moment | 
of starting, and then gradually cut out as the motor speeds up. 
The simplest arrangement of a starter for a shunt motor is shown 
in Fig. 94, The arm A makes contact with the studs connected 
to the starting resistance #, and also to a brass arc, B, by which 
the connection to the shunt field is made. This arrangement is 
perfectly satisfactory for starting, but it suffers from the dis- 
advantage that when the main switch S is opened to shut down 


ay 
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the motor, the arm A remains in the “on” position, and if the 
switch is again closed the armature is put right across the supply. 
It is thus obvious that when the switch is opened the arm should 
return to the “‘ off” position. Also, for motors up to about 20 or 
30 h.p. it is desirable to incorporate an “ overload release ” which 
will disconnect the motor from the supply in the event of an over- 
load. For larger sizes it is better practice to leave this duty to a 
separate automatic circuit-breaker. A typical starter for a shunt 
or compound motor is shown in Fig. 95. The arm 4 is provided 
with a hinged armature, which is attracted by the coil of a “ no- 
volt ”? release when in the “‘ on ”’ position. This release is connected 
in series with the shunt field. 
When the switch is opened the 
pull of this coil is removed and the 
arm is returned to the off posi- 
tion by a spring. The overload 
release consists of another coil, 
which carries the full line current. 
It attracts an armature which, 
when lifted, bridges two brass 
studs connected to the ends of 
the coil of the no-volt release, 
thereby short - circuiting this. 
The spring then pulls the arm 
Fic. 26 back and stops the motor. The 
ieee eae IN Rares AND _— position of the armature of the 
ee ee overload release can be adjusted 
by a set screw, and the release thus set to operate at any desired 
overload. 


The grading of the steps of the starting resistance, and the time 
taken to move the arm across the row of contacts, should be such 
that, during the operation of starting, the motor current is kept 
within upper and lower limits. This is | 
illustrated in Fig. 96. The stepped | : Ry 
curve shows the variation of current. . ey R, 
As soon as contact is made with any /...J. (an) 
stud the diminution in resistance causes 7° “* 7% 7% 
the current to increase initially ; the 
motor then increases in speed with siete 
consequent increase in back E.M.F., C4=0U=AzrIon or SHuntT 
so that the current decreases while i ea 
the arm is held on that stud. When the current reaches the 
minimum value the arm is moved to the next stud, and the 
current again suddenly increases to the maximum value ; and so 
on. The variations in speed are illustrated by the dotted curve. 
In order to calculate the various steps of the starting resistance, 
it 18 necessary to assume values for the upper and lower limits of 


— 
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the current ; let these be J, and J, respectively. Let 1r,, r,, 13, etc., 
be the various steps, and let R,, R,, Bz, etc., be the total resist- 
ances between the various studs and the far terminal of the 
armature, as illustrated in the scheme in Fig. 97. On making 
contact with any stud the current suddenly jumps to the value J,, 
and when leaving any stud the current is J,. Hence 


When leaving stud 6, say, [,—= Desuitant EMF, 


Rs 
_H-H, 
ye 
where H, is the back E.M.F. 
HAN 


ii ae ey ee) 


where A is a constant. 
On first making contact with stud 4 the current jumps to J,, 
but the speed has not time to change from N, 


l= i. Re Ag 


On the point of leaving stud 4 the speed has increased to 
say, N,, 


.1I,= 3 
ESS (3) 
On first making contact with stud 3, 
E-AN 
1 eS 4 
ery (4) 
Dividing equation (2) by (1), and (4), by (3), we have 
Ry _ I, and By _ I, 


Hence, if we put 23 = y, we have, if there are n live studs, i.e. (n - 1) 
2 
sections in the resistance, 


bigs ed 1 ie ba YG Y 
BR n-1 En 1 
Multiplying all the terms together, we have 
na — Bn 
ey? 


yan [Fe 
hk, 
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Now R, is the armature resistance, which is known. On making 
contact with the first line stud the speed is zero and the current 
is I,. Hence 

eG 

I; 

Therefore, since y is known from the required ratio of the 
maximum and minimum currents during starting, n can be calcu- 
lated. The various resistances, R,, R,-,, Ry-2, etc., can next be 
calculated, and the differences of successive pairs give the required 
resistances, 11, 1g, 13, ete. 3 


Ry, 


Example. As an example of the calculation of the resistance steps of a 
shunt motor-starter, take the case of a 30h.p., 220-volt motor which takes 
113 amp. when running normally on full load. The motor has to start up 
against full load and the starting current has not to exceed 1} times the 
normal full-load value. Resistance of armature circuit 0-02 ohm. 


Since the motor has to start against full-load torque, the minimum 


current during starting will be the full-load current of 113 amp. 
Hence J, = 113. 


I, = 1} x 113 = 169-5 amp. 
I, 
H 220 
Ba = 7 = 169-5 = 1-3 ohms 
and R, = 0-02, as stated. 
2 SS, = . 
Now iri oe y = 1:5 
we R, = 1:5 x R, = 1-5 x ‘02 = -03 
Similarly, R, =15 x Ry =15X-03 = -045 
Ry, =1:5 x Rg = 1:5 x 045 = -068 
Ry 8 SOR, = eb eats e108 
R, lb Xie oe LB 02 Se 18 
Ry lb eB, = 1a coisa aes 
Rye DS XR, sal BGs aes 
By = 15 X By = 6 C56 Ee 
Ryo => 1:5 x ne = 1:5 x 53 = 8 
Ries SR, Seas oe Sie 9 


The total was to be 1-3, so R,, = 1-2 will be near enough for most 
purposes, but if it is desired to keep to the value 1:3, the adjustment 
ee be made when the individual steps have been calculated. We 

ave 
rt =k, -R, 
rg = RB, -R, 
rm =k, ~R, 


03 --02 = -01 ohm 
045--03 = -015 ,, 
068 — -045 = -023 


ll ll 


9 
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r, = Rk, -Ry = -102--068 = -0340hm 
re =k, -R, = -153--102 = -051 ,, 
tm =k, -R, = -23 --153=-077 ,, 
rr, =h, -R, = 35 --23 =-12 ,, 
™ =k, -R,g = 53 --35 =-18_,, 
ty = Rhy-Rk, = 8 --53 =-27 ,, 
fy = Ry -Ry=12 -8 =4  ,, 


Thus there are 10 steps with 11 contacts, and, if desired, the deficit 
of 0-1 ohm can be divided equally among a few of the steps, say, 
r, to r,,, making these -079, :14, -20, -29, and -42 ohm respectively. 


& Forward Reverse 
e3 458 6 9 6 


Rheostats 


Blow-out Coil 


Fia. 98 


Finally, for a motor of this size it may be desirable to attain the 
first rush of current in two steps, the first step allowing 169-5/2, say, 
85 amp. to pass. The total resistance in the starter must thus be 
220/85 = 2-6 ohms, the extra step therefore being 2-6-1:3 = 1:3 
ohms. 

11. Starters for Series Motors. These are usually controllers, 
that is, they can be left in circuit for any length of time, since they 
also act as speed regulators. 
These controllers are in the form 
of a rotating cylinder carrying 
segments which make contact 
with fixed insulated “‘ fingers.” 
A blow-out coil is also provided, 
its function being to extinguish B avalinn, tan ey 
any arc formed when a segment 
eae contact with a finger. gig arte 
This blow-out coil is simply an electro-magnet, the lines of force 
of which cross the space between the fingers and the segments, so 
that, when an arc is formed, it is acted on by a mechanical force 
perpendicular to the plane of the current and the flux, that is, in 
a vertical direction. The arc is thus blown out. The developed 
view of such a controller is shown in Fig. 98. It is arranged for 
both forward and reversed directions of rotation. 


6—(T.5432) 
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The calculation of the resistance steps is carried out as in the 
case of a shunt motor, with the exception that, whereas in the 
shunt motor the flux per pole is constant, the flux in the series 
motor varies with the current. We thus have maximum and 
minimum values of the flux, say, D, and ®, respectively. Denoting 
the resistances of the various sections by small letters, and the 
total resistance between any stud and the far terminal of the motor, 
by large letters, as indicated in Fig. 99, we have 

Back E.M.F. = applied voltage — ohmic drop in starter and motor 

Also, Back E.M.F. cc flux x speed 

= Bx Flux x Speed where B is a constant. 

.. When leaving stud 5,say, BD,.N =H-R,I, . a4} 

On first touching stud 4, BO,N=E-RkJ, . 7 tee 

When leaving stud 4, BO,N,=E-RJI, . + ae (3} 

On first touching stud 3, BO,N,=£H-R,l, . - (4) 
Subtracting equation (1) from (3), and (2), from (4), we have 

(R,-R,)I, = BO,(N,-N) 
(R,-F;)l, a BO,(N 1) 


“, Dividing 
R,-R, = ®, x I, 
5s My his 
Tee oO x T: ee 


The value of 6 can be determined, when J, and J, have been decided 
on, from the magnetization characteristic of the machine, that is, 
the curve of flux against current. 

In this case, instead of determining the number of studs n from 
an equation of the form 


é ae n-1 ln 


ry 
an approximate solution can be found by making the calculation 
in successive steps.* 
Example. Calculate the resistances of the various steps of a starter for a 
20 h.p., 400 volt series motor, the limits of current during starting to be 1-4 


and 1-0 times full load current, the ratio of the fluxes for these currents being 
+13. 


If no other data of the motor are available, proceed as follows. 


_ *¥For a complete solution, see Dover, Electric Traction, Smith, ‘Steps 
in the Starter of a Series Motor,” Jour. I.H.H., Vol. 58, p. 645, and Dover, 
Jour. I.H.E., Vol. 60, p. 867. 
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Assume an efficiency, say, 86 per cent, and assume that the full load 
armature and field copper losses are 40 and 30 per cent respectively 
of the total losses. Then intake 


ie P47 100 watts 
86 
17,400 
ee ae ang. 
TE as 


Output = 20 x 746 = 14,920 watts. 
.. losses at full load = 2,500 watts. 


.. Armature copper loss /2R, = ao 2,500 = 1,000 


1000 


ste jog Speaiaitia| 
(43-5)2 


= ‘53 ohm 


Field copper loss ‘[?R,, = * of 2,500 = 750 


750 
« ~ (43-5)2 eee 
.. Total motor resistance r; = -53 + -4 = -93 ohm 
0, 1 
ee ae 3 
Oi 2, 


I, = 14 x 43-5 = 61 amp. 
I, = 1-0 x 43-5 = 43-5 amp. 
1 61 


he Soe eS 
oe 1-3 7 43°5 
: 400 
Also, total resistance of motor and starter = aa 6-6 ohms. 
Tn Rf, 


r,= 108X 93 = 101 R,= 7, +7, = 93+4+1-01 = 1-94 
rs = 108X101 = 1:09 R, = R,+ 17, =1-94-+1-:09 = 3-03 
r,= 108X109 = 118 R,=Ry+r, =3-03-+1-18 = 4-21 
1-08 x 118 = 128 R, =R,+r, =4-21+1-28 = 5-49 
re = 108X128 = 138 Ry = Rs +17 =5-49 +1:38 = 6-87 


R, is now slightly in excess of 6-6, and a convenient way of adjusting 


a 
I 
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this is to divide the difference, 0-27, equally among the five resistance 


steps r, ... 75. The values then become— 
Motor fr; = ‘93 
f= 96 
r, = 1:04 
r, = 1:13 
rT, cS 1-32 
Total <= 66 


Extreme accuracy is misplaced in calculations such as the above. 

12. Time of Acceleration. The time required for the motor to 
attain full speed can be calculated as follows. It will be seen by 
the speed curves of Fig. 96 that the speed, and therefore the angular 
velocity w, is approximately proportional to the time if the starting 
handle is moved uniformly. Hence, the angular acceleration 
dw/diis constant. Let IJ be the mean value of the current available 
for acceleration. Then accelerating torque 


DZ nee Pe 
Dl ee | ex I : 
(222) xr 
If K is the moment of inertia of the moving masses in gram. cm.?, 
then 
do “de wr OZ _p I 
T =k or SS SSS a 
do a (2 xB\xF 
Hence, the time required to attain the full speed a, 
matt Se 2 OOS pity: 
angular acceleration 
Ain) oy oo Ey 


Example. A 50h.p., 400 volt, 500 r.p.m. shunt motor takes on full load 
110 amp. Its armature has a moment of inertia of 200 x 10° gram. om.?. 
Find the time taken to attain full speed if the maximum and minimum 
currents during starting are 150 and 120 amperes. 


Full speed angular velocity w = 52-5 radians per sec. 


33,000 x h.p. 


Torque on full load = = 7 
o7t X 


= 525 Ib. ft. 
= 71 x 108 dyne cm. 


The mean starting current is 185 amp. and therefore, since 110 of 
these are required to produce the load torque, the other 25 amp. 
are available for acceleration. A current of 110 amp. produces a 
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torque of 71 x 108, hence the current of 25 produces an accelerating 
torque of 


25 
ff: =710* 71 x 108 = 16 x 108 dyne cm. 


_do_T _ 16x 108 _ 


dt K 200 x 108 


13. Speed Control of D.C. Motors. I. Ruzosratic Conrro.. 
Let an adjustable resistance FR be placed in series with the armature 


N 


No 


Z, 
0 In ~% 
Fie. 100 
making the total resistance in the armature circuit (R + R,), then 
the back E.M.F. for any armature current J, is given by 
Hy=H-(R+ &#,)l, 

At no-load, and with no-series resistance F in circuit the back E.M.F. 
is approximately equal to the applied P.D., #. Since, for constant 
excitation, the speed is proportional to the back E.M.F., we have, 
denoting the no-load speed by N,— 


v= N,( - Ft) 


For a given resistance 2, the speed is thus a linear function of the 
armature current 7,, the graph of NV against J, being a drooping 
straight line, as indicated in Fig. 100. The amount of the droop 
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obviously depends upon the value of F,, and therefore upon #, and 
obviously a whole family of speed-current curves can be drawn, each 
curve in the family corresponding to a definite value of FR. 

We also see that for each value of R there will be a certain value, 
I») of the armature current which just stalls the motor. This value 
is given by 


Example. A shunt-wound motor runs at 500 r.p.m. on a 200-volt circuit. Its 
armature resistance is 0:5 ohm, and the current taken is 30 amp. in addition 
to the field current. What resistance must be placed in series with the armature 
in order that the speed may be reduced to 300r.p.m., the current in the 
armature remaining the same? If the load is changed so that with the inserted 
resistance the armature current is reduced to 15 amp., what then will be the 
speed? (London Univ.) 


From v= N,( Fas) 
we have 300 = 500/1- ba 30 
a ( 200 . 


R, = 2-667 ohms 


ze R = &#,- Rk, = 2-667 - 0-5 = 2-167 ohms 
If the current falls to 15 amp., the resistance R, remaining at 
2-667 ohms, we have 
2-667 
N = 600 (1-9 x 15) 


= 400 r.p.m. 


We can also calculate the current which will just stall the motor. 
Thus with R, = 2-667 ohms, we have for this current 


foes eee 200 
0 Roe SORT 


The above example illustrates one of the disadvantages of this 
method of control, namely, that for a given value of the resistance 
the speed is not a constant, but is a function of the load current. 
Thus, with an external resistance of 2-167 ohms, the speed is 300 
r.p.m. when the current is 30 amp., but it rises to 400 r.p.m. when 
the current falls to 15 amps. This means that if the speed is to be 
kept sensibly constant.on a rapidly-changing load, the value of the 
controller resistance must be varied to suit those changes. For 
precise speed control it can be said that the speed must be a function 


= 75 amps. 
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of the controller resistance only, and not a function of the load 
current, and because of this, more elaborate systems of control, such 
as the Ward-Leonard control described later, have been evolved for 
drives where precision of control is a necessity. 

Another disadvantage of the method is that there will be consider- 
able loss of energy in the controller, particularly at low speeds, since 
the resistance carries the full armature current. The intake of the 


Elz 
BE 
BS g8 
a> Sc 
¥§ ma 
&s =. 

O Speed No O Speed 
(A) (B) 

Fie. 101 


armature circuit is HJ, watts, while the power converted into 
mechanical power is H,J, watts. 


Eyl 


.. Efficiency of armature circuit — 


Power wasted in controller N,-N 
Armature intake gene a 


oe 


In other words, the power wasted is proportional to the reduction 
of speed. Thus, if the speed is reduced 50 per cent, the power 
wasted will be 50 per cent, and the efficiency will be 50 per cent. If 
the speed is brought down to zero, then the whole of the armature 
intake will be wasted in the controller. The graph of power wasted 
in the controller against speed is a straight line, as illustrated in 
Fig. 101 (A). The disadvantage of this inefficiency is that it not only 
entails a considerable loss of energy, but it also necessitates a large 
and expensive controller with elaborate arrangement for the dis- 
sipation of the heat produced in it. 

In the above discussion we have assumed that the armature 
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current has remained constant during the change in speed ; in other 
words, that the load has been one of constant torque. In the case 
of appliances working on the centrifugal principle, such as fans, 
the torque is proportional to the square of the speed, and this makes 
a considerable difference to the efficiency of the rheostatic method. 

Let 7' = torque 
and 7',, = maximum torque 
at any speed Toc = 

ee | bike ood 

I,o N*? = AN*, say, 

Whe A isa constant. At full speed NV, the torque is 7’,,, so that 


Lee 
Lin 
A = Ne 
Wor the speed N at any torque 7’, we therefore have 
NN? gra! OF 
Nos ta des 
N 
tom tux (x) 
Now the back E.M.F. is proportional to N, and we have 
N 
y= x = 
b x N, 
Hence, drop of volts along the controller 
N 
= H-H emeet 
»= H-Hx WV, 


N 
= #F(1-— 

(1-37) 

Hence, power wasted in the controller 


W= drop along X current 
controller 


2 N N\2 
E # (1-7) x Im X (x) 
N N \2 
25 5 ppresioas  (eaelt 
tm (1— 9) (a) 


Now write ee ty: 
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W = HI,,(1 —r)r2 


= EI,,(r* — 7°) 
when N =N,,r=1, and W =0, 
when N=0, r=0,and W=0. 


We thus see that in this case the power wasted in the controller 
is zero at both extreme limits of speed, and by giving r a series of 
values between 0 and 1-0 it is easy to see that the graph of power 
wasted is of the form shown in Fig. 101 (B). 

Differentiating the expression for W with respect to r, we have 


dw 5 
= rar 
= 0 whenr = 3 


Hence, the maximum loss of power will take place when the speed 
is two-thirds of full speed. Again, #I,, is the full-load intake of the 


motor, W,,, say. 
2\2 2\8 
mt(3) -(3)} 
== 143 ,\ ” 

as against W,,,, when the load is one of constant torque. This shows 
that when the load is one whose torque is a function of the speed, 
the rheostatic method is no longer excessively inefficient. 

II. Firtp Controxu. We have seen that the speed of a D.C. 
motor is inversely proportional to the flux per pole, and hence, if this 


Maximum loss 


I 


Rheostatic Control. 


Shunt | Series | 


Field Control. 
Fie. 102 
MzrnHops or Sprep ConTROL 


flux is varied, the speed will vary. This is accomplished by means 
of a shunt regulator in the case of a shunt motor, and a diverter in 
the case of a series motor, as shown in Fig. 102. This method is 
both convenient and economical, but obviously it will only give 
speeds greater than normal. By a combination of methods I and 
II, speeds below or above normal can be obtained. If a large range 
of speed by the field control is required, the motor must be fitted 
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with interpoles, because, owing to the high speed, the reactance 
voltage will be high, and owing to the fact that the field is weakened, 
the commutating field, if it is the fringe of the main field, will also 
be weak. Because of the high reactance voltage at high speeds, 
the commutating field must be strong if the motor is to run 
sparklessly. 
The necessary variations in shunt resistance to obtain a given 
change in speed can only be determined when the magnetization 


Bema b= 
Te, 5-6 

CP Pc ste eee 
Bee or aes oa 


alee AT a aad 
S09 4 
rabbi eadies 4 lbclilessn sina 
_ 0-7 
0-6 
0-5 
OF, 7 2 3 4 & 6 
Field Current 
Fie. 103 


characteristic of the machine is known. Since the back E.M.F. is 
proportional to the product of the flux and speed, we have 


Fxg oc OLN, 
H N 
a 0, = 0, xf 
2 1 By x N, 


The conditions of loading of the motor will enable the back E.M.F.s 
to be calculated, and the new flux ®, can then be determined from 
the above equation. A reference to the magnetization characteristic 
will then give the new excitation. 

Example. A 230-volt D.C. shunt motor whose magnetization curve is given 
by the figures below, runs at no-load at 1,200r.p.m. The resistance of the 
field magnet coils is 38-3 ohms. Find what resistance must be placed in series 
with the field magnet coils to increase the speed to 1,400 r.p.m. at no-load. 
(London Univ.) 


Amperes in magnet coils 2 


0-8 


3 | 4 
1-02 | 1:15 | 1-21 | 1-24 
Since the armature resistance and current are not specified, we 
can take the back E.M.F. as being equal to the applied P.D., so that 
the expression simplifies to 


5 6 


Flux per pole in megalines . 
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N. 
The exciting current for full excitation is 
230 
ez. = 33.3 = 6 amp. 
@, = 1-24 megalines 


1200 


®, = 1:24 x 1400 = 1-062 megalines 


The magnetization curve is drawn in Fig. 103, from which we see 


that the new value of the exciting current is 
1 4:2 = 3-28 amp. 
Hence, new total resistance in shunt circuit 


== ee = 70-2 ohms. 

.. Resistance in shunt regulator to in- 
crease the speed from 1,200 to 1,400 r.p.m. 
= 70-2 — 38-3 = 31-9 ohms. 

III. Serres ParatLEL Controu. This 
method, in conjunction with auxiliary 
rheostatic control, is used for electric 
traction. It requires two motors mechani- 
cally coupled, this coupling, in the case of 
a tram or locomotive, being supplied by 


the adhesion of the wheels to the rails. 


E 
TIO) +H} (4) 
+ 2 


OE 
‘ Liagm-GH * 
E 


Fie. 104 


SERizs PARALLEL 
ConTROL 


(B) 


Consider two series 


motors in parallel, as shown in Fig. 104 (B), and let them be taking 


a total current J. 


Then, speed oc Back E.M.F./Flux 


oc Applied E.M.F./Current per motor 


approximately. 
ye oe 


Ce, 5 


Again, Torque oc (Current x Flux) 
ec Current? 
[2 


ceed 


Now consider the motors connected in series (Fig. 104, A), and 
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the pair take the same total current as before. Then the P.D. 
across each motor is #/2, so that 


_ Applied E.M.F. 
Current per motor 


ue 
27 


that is, one quarter of the speed attained by the motors in parallel. 


Speed cc 


(06 


Also, Torque oc Current? 
Gers 


Series Positions 


that is, four times the torque produced by the motors in parallel. 
The various changes in connec- 
pamrrnmeeeel i) = tions as the controller handle is 
moved up to the full speed posi- 
ee ed Oe tion are shown in Fig. 105. At the 
four running positions, A, B, C, 
ap © i ©) and D, the controller can be left 
ap oe 1 a Oa in that position for any length 
of time, but the other positions 
Bommel i) } have to be passed through fairly 
ee OO s quickly, because the resistances 
cannot carry current for long 

rene LIM) p periods. 

IV. Warp-LEonaRD CONTROL. 
women 6 LOO) This method is commonly used 
german LINO) where a very delicate speed con- 
trol over the whole range from zero 
Dewemeral in Ui) : to full speed is required, as, for 
example, with colliery winders. 


Parallel Positions 


Fig. 105 The method consists simply in 
Connzotions or SERIES working the motor with a constant 
PARALLEL CONTROLLER FOR excitation and applying to its 
DIvFHRENT SPEEDS armature sufficient voltage to give 


the speed required. A variable 
voltage supply is therefore required, and it is obtained from a motor- 
generator, or convertor, set. The scheme is shown in Fig. 106. is 
the variable speed motor. A isthe motor, and B the generator of the 
convertor set. The variable voltage of the generator is obtained 
by varying its excitation by means of the shunt regulator R. Speeds 
in the reversed direction are obtained by reversing the generator 
excitation as indicated diagrammatically by the reversing switch 
(R.S.). The convertor set runs always in the same direction. 
When applied to the control of very large motors, e.g. colliery 
winders or reversing rolling mills, the supply is nearly always an 
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alternating one, and it is often desirable to incorporate a load 
equalizing arrangement in order to keep from the supply the violent 
peak loads which occur in such cases. The necessary modifica- 
tions are shown in Fig. 107. The supply being alternating the 
motor A of the convertor 
set is of course a three- 
phase motor, and since D.C. 
is required for the excitation 
of the variable speed motor 
M and variable voltage 
generator B, the convertor 
set has an exciter H direct 
coupled to it. The flywheel 
for load equalizing is also 


Motor Generator coupled to the convertor set. 
Fie. 106 Now if the flywheel is to 
Warp-Lronarp Conrror keep the fluctuations in load 


from the mains, it must 
have its speed reduced when the peak load comes on, and have it 
raised again in times of light load. The necessary variations in 
speed of the converter set are obtained automatically by means 
of a “slip re- ; 
gulator,” 
which puts 
resistance in 
the rotor cir- 
cuit of the 
motor A when 
the load in- 
creases and 
cuts it out 
again when 
the load de- 
creases. This 
resistance is 
generally a Clete 
liquid resist- D.C. Excitation 
ance Rk, the Fia. 107 
electrodes. of Warp-LionarD-Inaner ConTRoL 
which balance 
the torque of a small “torque motor” (T.M.) at normal load. 
This motor is supplied through a current transformer (C.T.), 
and therefore carries current proportional to that delivered to 
the motor A. If the load suddenly increases there is 2 moment- 
ary tendency of the current taken by A to increase, and there- 
fore the current in T.M. tends to increase. This increases the 
torque exerted by T.M., and it therefore lifts up the electrodes, 
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thereby increasing the resistance in series with the rotor of A and 
decreasing the speed of the convertor-flywheel set. The re- 
verse action takes place when the load decreases. The Ward- 
Leonard Control with flywheel load equalizer is known as the 
Ward-Leonard-Ilgner Conirol. { 
The Ward-Leonard control can be modified in the following 
manner. Instead of obtaining the whole of its energy from the 
generator B, the motor M can have its armature connected in series 
with that of B, and with the supply, as shown in Fig. 108, with the 
result that the voltage applied to M is the resultant of the supply 
voltage and the voltage in B. Suppose that the excitation of B is 
adjusted so that its voltage is equal and opposite to that of the 


supply, then the resultant voltage will be zero and the motor will 
not rotate. As the excitation of B is reduced, the resultant voltage 
will increase, and the speed of M will therefore increase. With zero 
excitation of the generator the motor speed will be one-half of full 
speed. If, now, the excitation of B is reversed the generator will 
“‘boost”’ instead of “‘buck”’ the supply voltage, and the motor speed 
will increase still further. On full excitation when the generator 
voltage is equal to the supply voltage, the motor will be running at 
full speed. 

This method differs in two important particulars from the Ward- 
~ Leonard control. In the first place, the two machines B and VM in 
the Ward-Leonard control are wound for the same maximum voltage, 
and this voltage is independent of the supply voltage. In the 
second method the maximum voltage of B is equal to the supply 
voltage, while that of M is equal to twice the supply voltage. In 
the second place, the starting conditions for the Ward-Leonard 
control correspond to zero excitation of the generator B. Now the 
starting conditions are usually very heavy, which means that the 
generator has to be designed to fulfil the very difficult conditions of 
delivering a heavy current on a small excitation. This difficulty is 
overcome in the modified method, since the starting conditions 
correspond to full ‘‘ buck” by B, and therefore to full excitation. 
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EXAMPLES ON CHAPTER VIII. 


(1) Prove the expression for the force on a conductor carrying a steady 
current in a magnetic field. Hence, find the torque on an armature carrying 
a total of 50,000 ampere-conductors, the diameter of the core being 36 in., 
the length, 12 in., the pole arc being 70%, and the flux density in the gap, 
4,500. (London Univ., 1910.) 

Ans.—1,620 lb.-ft. 


(2) The flux in each pole of a four-pole motor is 2 x 10% lines. What total 
number of ampere-conductors must be carried by the armature to produce 
a torque of 4001b. ft. ? Prove any formulae you use for the calculation. 
(C. and G., 1908.) 

Ans.—42,600. 


(3) Prove that when a current is taken through a magnetic field, work is 
done. Hence, find the pole flux of a 50 h.p. four-pole motor having 30,000 
ampere-turns on the armature running at 800 r.p.m., the efficiency being -85. 
(London Univ., 1911.) 

Ans.—1-28 megalines 
(assuming iron and friction losses to be one-third of total losses). 


(4) A shunt motor which is supplied with current at 440 volts, runs when 
unloaded and at atmospheric temperature at & speed of 1,000 r.p.m. After 
some hours its temperature rises 30°C. Calculate the speed of the motor, 
assuming the voltage of the circuit falls to 435, that the armature current is 
85 amp., and that the armature resistance is 0-04 ohm. The temperature 
coefficient of the conductors may be taken as 0:-44% per °C. (London 
Univ., 1914.) 


Ans.—1,130 r.p.m. 


(5) A 220 volt shunt motor running light takes 4 amp. The field resistance 
is 220 ohm, and the resistance of the armature (hot) is -5 ohm. What will 
be the armature current when the motor is giving 6h.p.? Explain what 
assumptions are made in calculating this result, and what errors these 
assumptions are likely to involve. (London Univ., 1922.) 

Ans.—About 24:5 amp. 


(6) Show that a shunt motor when allowed to speed up with constant field 
without altering the resistance of the armature, will increase in speed 
according to an exponential law. (London Univ., 1922.) 


(7) A 220 volt shunt motor takes 3-4 amp. when running light. The field 
current is 1-0 amp. When the armature is at rest it requires 6-2 volts to pass 
20 amp. through it. Find the approximate output and officiency of tho 
motor when the armature current is (a2) 20 amp., (b) 40 amp. (London 


Univ., 1916.) 
Ans.—(a) 5 h.p., 81 per cent; (b) 10-4 h.p., 86-2 per cent. 


(8) State clearly what information you would need to enable you to calculate 
a metallic starter with a given number of steps for a series motor. Calculate 
the resistance steps for a starter of a 500 volt shunt motor, given number of 
steps 12, maximum current during starting 20 amp., resistance between 
armature terminals 1 ohm. (C. and G., 1921.) 


Ans.—5:9, 4:5, 3°45, 2-6, 2-0, 1-54, 1-18, 0-9, 0-69, 0-52, 0-41, 0-31. 


146 ELECTRICAL TECHNOLOGY 


(9) A compound-wound continuous current generator is used as a motor 
without any change of connections. Discuss its speed characteristic on a 
moderate fluctuating load and its behaviour on very large loads. For what 
purpose would such a machine be suited ? Would there be any advantage 
in fitting it with a flywheel ?. (London Univ., 1911.) 


(10) Find an expression for the force on a conductor carrying a steady 
current in a magnetic field. Hence find the torque on an armature carrying a 
total of 25,000 ampere conductors, the diameter of the core being 36 in., the 
length 12 in., the polar arc 70 per cent, and the flux-density in the gap 6,000. 


(London Univ., 1912.) : 
Ans.—1,078 lb.-ft. 


(11) What is meant by the ‘“‘ mechanical characteristic’ of an electric 
motor ? Sketch the form it takes in the case of a shunt-wound direct-current 
machine connected to mains which are kept at a constant voltage. A 20 h.p. 
direct-current shunt motor has a full load efficiency of 88% when supplied 
with power at 200 volts, its armature resistance being 0:06 ohm, and its shunt 
resistance 80 ohm. Find approximately, indicating the assumptions made, 
the percentage change in speed from no load to full load, the voltage of the 
supply mains being kept constant at 200 volts. (London Univ., 1924.) 


Ans.—2:5 per cent. 


(12) A four-pole series motor has a magnetization characteristic given by the 
following figures— 
Amps. through field magnet— 
10 20 30 40 50 60 70 80 90 
Flux per pole (megalines)— 
0-29 0-55 0-74 0-85 0-92 0-97 1:01 1:06 1-08 
If the armature has 820 conductors and is wave wound, and the resistance of 
the armature and field magnet windings is 0-15 ohm, estimate the speed at 
which the motor will run when supplied from a constant P.D. of 230 volts, 
when taking a current of (a) 45 amp., (b) 85 amp. Calculate also the torque 
in lb.-ft. which the motor will exert when carrying these currents. (London 


Univ., 1924.) 
Ana.—(a) 920 r.p.m., 76 lb.-ft. ; (6) 744 r.p.m., 175 lb.-ft. 


CHAPTER IX 


OPERATION OF D.C. GENERATORS IN SERIES AND 
IN PARALLEL 


1. Series and Parallel Running. It is usual to have several 
generators in a power station, so that the number of generators in 
operation at any time can be varied to suit the magnitude of the 
load on the station. There are two ways in which the generators 
can be connected to the load, namely, in parallel or in series with it. 
In the former, which is the method almost universally adopted, all 
the machines work at the same voltage and the load on any 
individual machine is proportional to the current delivered by it. 
In the series arrangement, all the generators deliver the same 
current, and the load on any machine is proportional to its voltage. 

2. Series Generators in Series. No difficulties are experienced in 
working any number of these machines in series (Fig. 109). The 
method is only rarely employed, the most import- 
ant example being the constant current trans- 
mission system which supplies Lyons (France). 
In this system there are three generating stations 
in series, namely, Bozel, 54,000 volts; Moutiers, 
30,000 volts ; and Fond de France, 36,000 volts ; 
the total voltage being therefore 120,000. The 
current is kept constant at 150 amp., and if 
the load varies, the generated voltage is varied 
by rocking the brushes round the commutator. 
In times of light load the generators not required Fia. 109 
for service are taken out of action by short Smrms Grnmra- 
circuiting them. The constant current series TORS IN SxRixs 
system is known as the Thury System. 

3. Series Generators in Parallel. Let H#, and FZ, be the E.M.F.s 
induced in the two machines (Fig. 110), and let R be the resistance 
of either. Then they will share the load equally so long as Z, 
and H, are equal. Suppose that H, becomes slightly greater than 
#,, which, of course, is quite probable. Then a current given by 
7 ede #,- 4, 

2R 
will circulate in a clockwise direction round the local path shown 
by the dotted line. The total current delivered by machine I will 
now be greater than that delivered by II, and therefore, because of 
the rising characteristics of series machines, the voltage H, will 
increase, while H, will decrease. The difference (H,-H,) will 
thus increase, and so also will the circulating current. The effect 
147 
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is thus cumulative, so that eventually, if there were no fuses or 
automatic switches in the circuit, the total current through I 
would be reversed. This would reverse H#,, and the resultant 
E.M.F. acting round the local path 
would be (HZ, + #,), and the circula- 
ting current (#,+ H,)/2R. The 
machines would then burn out. To 
prevent the possibility of reversal of 
either machine, it is obvious that the 
circulating current produced by in- 
equalities in voltage must not be 
allowed to flow through the field 
windings ; this is done by connecting ‘4 rs 
a heavy copper bar of negligible resist- &= = 
ance across the two machines, as = ((£qualising Bar 
shown in the second figure. The 
circulating current is now confined to 
the armatures and equalizing bar. 
This arrangement is used in the 
“braking” position of a tramear Fie. 110 
controller. The two motors are dis- S®2™S GENERATORS OPERATING 
p IN PARALLEL 
connected from the line and are con- 
nected in parallel to the resistance. They continue to run because 
of the kinetic energy of the car, and they transform this kinetic 
energy into electrical energy which, in turn, is dissipated as heat in 
the resistances. The motors thus function 
as generators in the braking positions, 
and since they are series machines, it is 
. necessary to inter-connect them by an 
equalizing bar. 
4. Shunt Generators in Series. When 
a high voltage is required it is fairly 
common practice to use two shunt genera- 
tors, both mechanically coupled and elec- 
trically connected in series (Fig. 111). 
They then carry the same current, and 
they will share the load equally only so 
long as each gives the same voltage. If 


Fie. 111 each shunt field is connected to its own 
Snunt GENERATORS = armature, as shown in the first figure, any 
IN SERIES 


slight differences in voltage will cause 
differences in excitation, which, in turn, will increase the difference 
in voltage. There will thus be a tendency to throw more than a 
fair share of the load on to one machine. This is overcome very 
easily by connecting the two fields in series and applying the full 
voltage to them, as shown in the second figure. The excitations 
are now equal, and, since the speeds are equal, the machines being 
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mechanically coupled, the voltages are equal and therefore the 
loads on the two machines are equal. 

5. Shunt Generators in Parallel. When a number of generators 
work in parallel, all their + terminals and all their — terminals 
are connected to two heavy copper bars called bus-bars. In the 
case of D.C. plant these bars are placed behind the switch-board, 
and they may be regarded as the + and — terminals for the whole 
station. The generators are connected to these bars through main 
switches, S, and S,, as shown in Fig. 112. Suppose that machine I 
is supplying the load and it is necessary to bring up II to share the 
load with it. The procedure is as follows. The incoming machine IT 
is brought up to speed +B, 
and its voltage then een 
adjusted by means of 
its shunt regulator R, 
so as to be equal to, 
or 1 or 2 volts greater 
than, the bus-bar vol- 
tage. The polarity 
must also be the same 
as the polarity of the 
bus-bars. This adjust- 
ment is made by Fie. 112 
means of a moving PaRALLEL OPERATION or SHUNT GENERATORS 
coil paralleling volt- 
meter V, which can be connected either to the incoming machine 
or to the bus-bars by means of the plug arrangement shown. 
When the adjustment is made, the switch S, is closed. The 
machine II will now either motor or generate, according as its 
induced E.M.F. is less than, or greater than the bus-bar voltage. 
Since the speed is kept constant by the engine governor, the 
induced E.M.F. depends on the excitation only. In order to 
make the machine generate, its excitation must therefore be such 
that the induced E.M.F. is greater than, the bus-bar voltage. 
After closing S, the excitation of machine II is therefore gradually 
increased and during this operation the load will be gradually 
transferred from I to II, the ammeter reading A, decreasing 
while A, increases. Thus, by adjusting the excitations, either 
machine can be made to take any desired share of the total 
load. If it is desired to shut down one machine, say, No. I, it is 
not good practice to open its main switch, partly because of the 
violent sparking which will take place at the switch contacts, and 
also because the whole of the load will be suddenly thrown on to 
No. II. The excitation in No. I is gradually reduced until the 
whole of the current is taken by No. II; then the main switch, which 
is now carrying no current, is opened, and steam is finally shut off. 
The machine then slows down gradually, and its exciting current 
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as gradually dies away. It is thus unnecessary to open the field 
circuit while it is carrying current. If this is done, excessively 
high voltages will be set up because of the very high self induction 
of the field winding of a large machine. 

The slightly drooping character of the voltage characteristic of 
shunt generators renders the proper division of load between them 
when working in parallel, automatic. The voltage characteristics 
of two machines are shown in Fig. 113, the point A being the origin 
for curve I, and B, the origin for curve II. The base AB represents 
the total current delivered by the two machines, Since the 
machines are in parallel, they must have the same terminal voltage, 
and this is obviously given by the length PM, where P is the point 
of intersection of the two curves. 
Hence, machine I delivers current 
AM and II delivers current BM. 
Suppose that, for some reason, 
the induced E.M.F. of machine 
I increases slightly, then its cur- 
rent will increase, say, to AM,,and 
that taken by machine IT will fall 
to BM,. Now for this new con- 
dition to be stable, machine I 
ay should experience an increase in 

voltage, while II experiences a 

~—-—-Iotal Current) decreases “Dut ‘asthe reverse 

as takes place, the voltage of I 

OPERATION 10% SUES Speapaueae falling to QM, and that of II 

rising to RM,. Such a state of 

affairs is thus impossible, and the machines automatically return 
to the condition defined by their point of intersection P. 


Terminal Volts 
Terminal Volés 


Example. A shunt generator which gives a terminal voltage of 400 at no 
load, and 360 when delivering 100 amp., is working in parallel with one which 
gives 400 volts on no load and 350 volts when delivering 100 amp. If the 
voltage characteristics of each machine are approximately straight lines, 
find the common terminal voltage and the current in each when they are 
sharing a total load of 100 amp. 


{f the two characteristics are drawn as in Fig. 113, and their 
equations are deduced, both referred to A as origin, we have for 
machine I, 

V = 400-4,J where k, is a constant 


.. 360 = 400-k, x 100; ky = 4 
For machine IT, 
V = 350 + kal 
.. 400 = 350 + k, x 100; &, = °5 
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ee let V be the common voltage and J the current in machine. 
en, 


V = 400 - -4] 


V = 350+ -5] 
Subtracting0Q = 50 - -92 ., J = 655-6 amp. 
*, V = 3778 volts 
and current in machine II = 100 - 55-6 = 44-4 amp. 


6. Compound Generators in Parallel. In all cases where genera- 
tors having any series excitation have to be connected in parallel, 
an equalizing bar has to be used, since otherwise there is the danger 
that a circulating current through the bus-bars and machines may 
cause a reversal of one machine. Fig. 114 is diagrammatic ; it shows 
the essential connections with- vaya 
out any switchgear or instru- 
ments, while in Fig. 115 the 
actual arrangement is shown. 
The main switch is a three- 
pole switch, and all three poles 


Fig. 114 Fie. 115 
Compound GENERATORS IN PARALLEL 


can be linked together so as to be closed or opened simultaneously, 
or the equalizer switch can be separate. In the latter case the 
equalizer switch is closed first and opened last. In stations 
supplying a combined traction and lighting load it is usual to have 
separate bus-bars for the two loads. Also, for the lighting load, 
the compounding is not required, the series fields therefore being 
left out of circuit. The bus-bars and connections for the lighting 
load are shown dotted, and it will be noticed that it is not the 
equalizer switch A, but the middle pole B, which is idle when the 
machine is thrown on to the lighting bars. 

If the generators are provided with interpoles it is absolutely 
essential that the windings of these poles shall carry the same 
current as the armature. Hence, if compound interpole machines 
are worked in parallel, the equalizing bar is connected to the 
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junction of the series and interpole fields, as in Fig. 116, so that, 
in the event of the armatures carrying any circulating current, this 
current will flow through the interpole 
windings and not be diverted from 
them by the equalizer bar. 
GENERATOR AND BatTERY. When 
a battery is used to supply a load, 
either altogether, or as a standby, 
arrangements have to be made for 
charging, either when the voltage has 
fallen to 1-8 volt per cell, or, more 
= economically, while the load is actually 
Fie. 116 on. Also, owing to the gradual fall in 
voltage during discharge, it is necessary 
to arrange that the number of cells in circuit can be gradually 
increased, so as to make up from time to time for this fall in voltage. 


sat a A) _ Bus Bars 


U/. To Load 
CY B.R.2. 


il 


‘S.R. 
Fia.117. Scumeme or ConnEcTIONS ror BaTrrerRy witH Hanp 
REGULATION DURING CHARGE AND DISOHARGE 


The connections for an installation of this type are given in Fig. 117, 
the plant consisting of charging switch S,, and discharge switch S 
automatic switch AS for the prevention of a reversed current flowing 
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into the generator, voltmeter switch 8 4 for paralleling the battery on 
to the generator, and the battery-regulating switch BR. This is a 
double selector switch, the bottom arm of which controls the numbers 


Mercury 
Cups 


Jo Battery 


Fig. 118. Automatic Batrrery SwircH 


of cells in circuit during charge, and the top arm the number of cells 
during discharge. 

The functions of the automatic switch are (1) to prevent the 
battery from discharging back into the generator, as explained 


£, >E£2 E,< £2 
Battery Charging. Battery Discharging 
Fig. 119 


above, and (2) to ensure that the battery and generator cannot be 
put in parallel until the generator voltage is in excess of the battery 
voltage by a small amount, usually 2 or 3 per cent. There are several 
switches of this type, and Fig. 118 shows the Neville type. The 
switch portion of this consists of a copper fork which dips into two 
mercury cups. This forms one extremity of a pivoted beam, the 
other end of which is a magnetized armature, one pole of which can 
move in the air gap of a magnet wound with two coils. One coil is a 
series winding and the other a shunt winding, this latter being 
excited by the difference between the battery and generator voltages. 
The scheme is shown in Fig. 117. If the battery voltage is in excess 
of the generator voltage, the current through the fine wire flows in 
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such a direction as to hold the switch open. As soon as the generator 
voltage has exceeded the battery voltage by the required amount 
the reversed current in the shunt coil is of sufficient magnitude to 
close the switch, and the flow of current in the series coil then holds 
the switch closed. At the same time the shunt coil becomes short- 
circuited, thus preventing a wastage of energy in it. It will be seen 
that any failure of the current in the series winding releases the arm, 
and the counterweight lifts the copper fork out of the cups. __ 

In connection with the charging of a battery of accumulators, it 
is necessary to note that the generator must be shunt wound, since 
this type only is immune from the risk of a reversal of polarity in 
the event of the direction of the current in the battery and armature 
circuit becoming reversed. This point is made clear by Fig. 119, 
which shows that no matter what the direction of the main current, 
the shunt current, and therefore the machine polarity, does not 
reverse. 


EXAMPLES ON CHAPTER IX. 


(1) Explain how two shunt dynamos work in parallel, and how they share 
the load. A dynamo gives 200 volts on open circuit and 190 volts when 
delivering 50 amp. It is in parallel with a battery of cells which, when dis- 
charging gives an E.M.F. of 196. The resistance of the battery is -1 ohm. 
If the voltage characteristic of the dynamo is approximately a straight line, 
find how a current of 100 amp. will be shared between dynamo and battery, 
and what the common terminal P.D. will be. 

Ans.—Dynamo current 30 amp., battery current 20 amp., terminal P.D. 
194 volts. 

(2) Investigate the effect of the resistance of the connections from com- 
pound generators to the equalizing bar, on the correct division of load between 
the machines. 

(3) Describe briefly the essential parts of a self-exciting dynamo. A given 
machine, when running, refuses to develop the required voltage at its terminals. 
Enumerate possible causes of failure. (Inst. Elec. Eng., 1924.) 


CHAPTER X 


DISTRIBUTION 


1. System of Distribution. A low-tension distribution consists of a 
network of cables which can be divided into three categories, viz. 
(a) the “‘feeders,” which are the cables supplying power in bulk to 
a selected number of points called feeding points; (b) the “distri- 
butors,” from which current is tapped for the various consumers, 
these cables generally having the main street for their route ; (c) the 
“service mains,” which are the small cables teed off from the dis- 
tributors and taken into the premises of the various consumers. 


tc 
B bees beridnnting Sabian. 
A. Feeder. 
A F he B. Distributor — 
P C. Service Mains 
? FF, Feeding Points. 
}c 


Fig. 120. Exementary DistrisutTion ScHEME 


A very elementary scheme employing one feeder, one distributor, 
and a number of service mains is given in Fig. 120. In this simple 
scheme the distributor is fed at one point only, but in actual schemes 
a long distributor may be fed at two points by means of two separate 
feeders, or alternatively the distributor may be arranged to form a 
closed circuit, and fed at any desired number of feeding points by 
means of a number of feeders radiating from the generating station. 
It will be shown in paragraph 10 that these arrangements give a 
much smaller drop of volts than a distributor fed at one end only. 

2. Effect of Supply Voltage on the Size of Distributors and Feeders. 
By the size of a cable we always mean the cross section of the core 
carrying the current, and not the overall cross section. Consider 
first of all the case of a feeder. Since there are no consumers tapped 
off from a feeder, it is immaterial what the drop of volts along the 
feeder will be, provided that it is not outside the range of com- 
pounding of the generators in the power station. A feeder can thus 
be designed from the point of view of current-carrying capacity, 
with drop of volts as a secondary consideration. The allowable 
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current density for a given type of cable laid in a given manner is 
not a constant, but decreases somewhat as the cable size increases ; 
this is because the cooling facilities improve as the size is reduced. 
As a rough approximation we can, however, assume that the current 
density is a constant. Now, suppose that the voltage of the system 
is increased » fold, then for a given power delivered the current is 


reduced to a and therefore the size of the cable is reduced to ee : 


There is thus a very appreciable saving in the price of the copper in 
the feeders when the supply voltage is increased. 

Now take the case of a distributor. There is a Board of Trade 
regulation which states that the variation of voltage at a consumer’s 


ree ees 
Sy sapliie 
LA R B 
Fie. 121 


terminals must not exceed + 4 per cent of the declared pressure. 
Allowing, say, 1 %% volt drop along the service mains, this means 
that the variation in voltage at any point in a distributor must not 
exceed + 3 per cent of the declared pressure. We see from this 
that whereas a feeder can be designed from the point of view of 
current-carrying capacity, a distributor must be designed from the 
point of view of drop of volts. Consider, then, a length AB of 
distributor, Fig. 121, let the current be J, and let the drop along it 


be V. Then its resistance is R = = . Now, suppose that the voltage 


is increased » fold, so that for the same amount of power delivered, 
the current is reduced to I/n. Ina distributor designed for a definite 
percentage drop, this percentage will be the same if the drop along 
the length AB is increased to nV. The resistance of the same length 
of distributor will now be 
Vinee ld = nels 
I/n 

Now, for a given length the cross section of a cable is inversely 
proportional to its resistance, showing that an increase in the 
working voltage of times, reduces the cross section, and therefore 
the weight of copper required to n-?. 


3. Effect of Pressure on the Efficiency of Transmission. 
Let EH, = voltage at station bus-bars 
E, = voltage at feeding points 
I = current in feeders 
R = resistance of each side of a feeder, 
i.e, of both + and ~ sides. 
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Then, Power put into feeder = H,J 
Power taken from feeder = I7,I 
: be yo) Sy 1 
.. Effi f t ee 
ciency of transmission BI, 
Losses in feeder = 27°R 


Suppose that 1,000 kW have to be transmitted 1 mile, the feeder 
being worked at a current density of 1,000 amp. per sq. in. Suppose 
that the consumer’s voltage H, is 100. Then, 


== 10 sq. in, 


.. Resistance of one side 


I 2  _ 5.280x 12 
R= _= eg er eats ae 
A a eT Rea 
Lode ohn 


.. Drop in volts in feeders 
= 27R = 2 xX -0042 x 10,000 = 84 volts 
.. Station voltage 
EH, = 100 + 84 = 184 
.. Efficiency of transmission 
100 


= —— = §4-4° 
184 /o 


Now suppose that the voltage at the consumer’s terminals is 1,000 
instead of 100. Then #, = 1,000 and J = 1,000 amp. 


.. Cross section of copper in cables a = 1 sq. in. 

*, R = -042, and drop in feeders 2/R = 84 volts, as before. 
1,000 _ 

*, H, = 1,000 + 84 = 1,084, and efficiency = L084 ~ 92°, 


There is thus a considerable increase in efficiency when the 
voltage is raised. Also, the cross section of copper in the cables is 


al 
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diminished in proportion to the increase in voltage, and this 
diminishes the cost of the copper in the cables in proportion. Tor 
these reasons it is desirable to transmit at a high voltage. Now in 
a D.C. system it is not possible to change the voltage between the 
feeders and distributors without using rotating machinery, and as 
this is undesirable, the feeders and distributors are worked at the 
same voltage. ‘This means that the consumer’s voltage is the same 
as the voltage at the feeding points. Suppose, for example, that 
the load consists of lamps. Then since 200 volts is the highest 
suitable voltage for this purpose, the feeders must work at this 
voltage ; 200 volts is very low if a large amount of power has to 
be dealt with, especially if the feeders 
ONteL, are long ones, and consequently 
with a simple two-wire system the 
efficiency of transmission will be low. 
4, Three-wire System. The above 
difficulty is largely overcome by 
using the three-wire system, which 
im consists of two “‘ outers’’ and an 

Fia. 122 earthed middle wire (Fig. 122). The 
consumer’s apparatus or lamps are 

connected between one outer and the neutral, the result being 
that the transmitting voltage, i.e. the voltage between the 
outers, is twice that at the consumer’s terminals. This results 
in a considerable increase in efficiency, and economy in copper. 
The middle wire or neutral has half the cross section of either outer. 
If the loads on the two sides are unequal, then the difference 
current, called the ‘‘ out of balance ”’ current, flows in the neutral. 
Thus if the + and — outers carry J, and J, amp. respectively, the 
neutral carries ([,-J,). Ifa three-wire and a two-wire feeder both 
traguemit the same amount of power the same distance with the 
same voltage at the consumer’s terminals, and with the same 
efficiency, then the three-wire feeder, if balanced, requires only 


. five-sixteenths as much copper as the two-wire feeder. This is 


proved as follows. 


_ Let W = power delivered to consumer in watts 
H, = voltage at station 
and iH, = voltage at feeding points 


Then, in the two-wire system, current J = 


.. Drop in both + and — sides, 


OTR a a 
4 
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, 2 
where R, is the resistance of one conductor. 


and HE, = E,+ drop = #, + 


.. Efficiency = 


In the three-wire system, the total voltage is doubled, and 
therefore, each outer will carry a current of W/2E, so long as the 
currents on the two sides are equal. Hence, if R, is the resistance 
of each outer, 


2h 


Efficiency = op, 4 2B 
: 2H, 
Since the efficiencies are equal we have 
E, 7 2H, m E, 
Hence R, = 4R, 


Now the cross section, and therefore volume, of a conductor of 
given length is inversely proportional to its resistance. If we 
represent the volume of the copper in the two-wire system by 100 
we have 50 in each wire. 


.. Volume of each outer in the three-wire feeder = 2 — 12-5. 
: : 12:5 en 
and volume of middle wire = er = 6-25 


.. Total volume of copper in three-wire feeder 
= 12-5 + 6-25 + 12-5 = 31-25 


Copper in 2-wire feeder 100 16 


If the system is not balanced it is most convenient to compare 
the amounts of copper in the two cases by taking a numerical 
example. 


Example. A three-wire feeder whose outers have a cross section of 
0-2 sq. in., is 1 mile long. It carries 220 amp. in the + and 200 in the - 
outer, and the voltages across the two sides at the feeding points are 200. 
What size of two-wire feeder will transmit 420 amp. at 200 volts with the | 
same total loss. Compare the amounts of copper in the two feeders. 
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Taking the specific resistance of copper as $ microhm per in. cube 
we have for the resistances of the cores of the three-wire feeder 


5,280 x 12s 


x 


: l 2 
R —— _— SS 
(Sasone Pa.3x 108 
side, R = -21; neutral R = -42. 


Hence, loss in feeder 
18,770 watts. 


Let R 
.. 2 x 420? x Ry = 18,770, Rk, 


2207 x -21 + 200? x -21 + 207 x -42 


resistance of each side of the two-wire feeder 


= -053 ohm 


Now the amount of copper in a feeder of given length is inversely 
proportional to its resistance ; hence, if we call the total amount 


of copper in the two-wire feeder 


100, ie. 50 per cent in each 


side, we have for the three-wire feeder 


053 


Copper in oe outer 


Copper in — outer = 
053 


Copper in neutral 


Total 


5. Balancers. 


x 50 = 


Bua = 12-692 
ar X 50 2-6% 


12-6% 


63%, 


315% 


The generators supplying a three-wire feeder are 


all connected in parallel across the outers, and it is therefore 
necessary to fix the potential of the middle wire mid-way between 


Fra. 123 
BALANCE FOR THREE-WIRE System 


outers. 


that of the outers. If this is 


’ not done the voltages across 


the two sides will not be equal, 
unless the currents taken from 
the outers are equal. 

The commonest form of 
balancer consists of two iden- 
tical shunt machines mechani- 
cally coupled, and having 
their armatures and _ fields 
connected in series across the 


The middle wire is connected to the junction of the 


armatures. Consider the arrangement shown in Fig. 123. Let R, 
be the resistance of each balancer armature. If the current J, is 
greater than J,, then the + side will be the more heavily loaded 
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and the pressure on that side will tend to decrease. The armature 
of the balancer on the + side will therefore act as a generator, 
while the armature on the less heavily loaded side, the -, will motor. 
Thus the effect of the balancer is to convey. power from the 
lightly loaded to the heavily loaded side. 

Since the balancer armature on the + side is generating, its 
terminal voltage is 


iene B-R,(4>1) 


Since the balancer armature on the -— side is motoring, its terminal 
voltage is 


ee, R, (5s) 


where 2H is the total voltage across the outers, and therefore 
twice the voltage induced in each armature 


.. Difference of voltage between the two sides of the system, 
H,-H,= R,(I,-1,) 
Hence, this difference is proportional to ; first, the ‘‘ out of balance ” 
current ([,-JI,); second, the armature resistance of the balancer, 


Fie. 124 Fie. 125 


For this reason balancers are designed with a very small armature 
resistance, and steps are always taken to arrange the loads on the 
two sides, so that the out of balance current will be as small as 
possible. 

The difference (HZ, —- H,) can be reduced by cross connecting the 
balancer fields, as shown in Fig. 124. This causes the generating 
machine to draw its excitation from the lightly loaded side, which 
is at the higher voltage, and the motoring machine to draw its 
excitation from the heavily loaded side. 

Hence, the induced E.M.F. in the generating armature is greater 
than £, while that in the motoring armature is less than H. This 
increases H, and decreases H,, the difference (H,-H,) being 
therefore decreased. Additional hand regulation of the voltage 
can be obtained by connecting an adjustable regulator in series 
with the balancer fields, as shown in Fig. 125. 

6. Boosters. A booster is a generator whose voltage is added 
to, or injected into, a circuit, usually to compensate for a variation 
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in voltage, as, for example, the drop of volts in a feeder due to its 
resistance. A booster which is used to compensate for the drop 
in a feeder is called a “‘ feeder booster.’’ Obviously it is a low 
voltage, heavy current machine. The booster in this case is a 
series generator connected in series with the feeder and driven at 
constant speed by a shunt motor. Since the drop in volts in a 
feeder is proportional to the ; Long Feeders 

current, the voltage injected 

by the booster must also be 
proportional to the current. 
Hence, the booster must 
work on the straight line 
portion of its voltage charac- 
teristic. The method of 
connecting the booster in 


Booster 
Motor 
Long Feeders 
Fie. 126 Fie. 127 


the circuit is shown in Fig. 126. The advantage of using a booster 
instead of, or in addition to, over-compounding the generators is 
that each feeder can be regulated independently, a great advantage 
if the feeders are of different lengths. The arrangement of a three- 
wire station supplying one 

set of short and one set of Baoster 

long feeders is shown in Fig. 
127. Notice that since there 
is a middle wire whose 
potential must be kept mid- 
way between the outers, it is 
necessary to have a booster 
on both the + and - sides 
for the regulation of the 
long feeders. The shaded “= <oneph 

rectangles in Fig. 127 repre- Fie. 128 
sent the various bus-bars. 
For some cases, e.g. a tram- 
way system, it is desirable to raise the voltage of the line at some 
distant point instead of merely at the generator end. This can be 
done by running a special feeder to the desired point and inject- 
ing a voltago into this feeder by means of a booster connected in 
series with it, as shown in Fig. 128. 


Booster CONNECTIONS 
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7. Negative Booster. The negative booster subtracts instead of adds 
its voltage to the system. It is used in traction systems to prevent 
the potential of the return rail from becoming too high relative to 
the earth. <A Board of Trade regulation limits this potential 
to 4:2 volts because, if 
it becomes much greater 
than this, the earth 
currents set up produce $9 ------ 5-57 -- 
electrolysis which causes 
great damage to any 
iron pipes in the 
vicinity. The negative 
bus-bar at the station 
is always earthed, the 
traction system having 
no middle wire, and 
therefore, the potential Negative 
of the rail will be posi- Booster 
tive relative to earth, Fie. 129 
and of increasing mag- NercativE Boostrr ConNEOCTIONS 
nitude as the distance 
from the station is increased. It is kept within the prescribed limits 
by means of a booster connected to the rail, as shown in Fig. 129. A 
second Board of Trade regulation limits the potential difference 
between any pair of points on the return rail to 7 volts, and to comply 
with regulation it is generally necessary to use several negative 
boosters. These negative boosters may be series excited, as in the 
case of feeder boosters, or they may be excited by having their fields 
connected across a resistance R in series with one of the feeders. 
The drop of volts in such a resistance will be proportional to the 
feeder current, and therefore, the excitation and the induced voltage 
of the booster will also be proportional to the feeder current. It is 
this second arrangement of exciting the booster field which is 
shown in Fig. 129. 

8. Battery Boosters. In the case of D.C. systems subjected to 
violent variations in load, as, for example, a traction system, it is 
common practice to “‘ float”? a battery of accumulators across the 
bus-bars as shown in Fig. 130. Let #, and EH, be the generator and 
battery terminal voltages, and R, the resistance of the circuit 
through generator and battery. Then generator current 


By - #, 
R 


were we ee 


—Feeder 


I= 


and if H, were constant, J would be constant, irrespective of any 
changes in the load. The battery would then constitute a perfect 
load equalizer, and the generators, working at constant load would 
be working under ideal conditions. In times of heavy load the 


4—(T.5432) 
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battery would discharge into the line by an amount equal to the 
difference between the line current and the current J, above. On 
light load the generator would charge the battery, the charging 
current being the difference between J and the line current. 
Unfortunately, the above simple arrangement is not practicable, 
because the battery terminal voltage H, is far from constant. 
Thus, when charging a battery it is necessary to apply about 
2-5 volts per cell, whereas when a battery is discharged it may not 
give more than 1-8 volts per cell, so that there may be a 40% 
variation in the terminal voltage of the battery. Suppose that the 
E.M.F. of a battery on no load is #; then when it is being charged, 
its E.M.F. will rise to, say, H + e,. Hence, if J is the charging 
current, and FR, the battery resistance, the charging voltage to be 
applied to the battery will be 


(Ls )charge = H+ é; + RI 
On discharge the E.M.F. will fall to, say, # -e,, and the terminal 
voltage for the same current J will be 
(Eg) atscharoe = H- Cas RI 
Hence, (L2)charge - (Es)aisenarse = (e1 “F: eo) an 2RI 
Now, assume that e, = K,I and e, = K,J, then the difference 
between the terminal voltages on charge and discharge becomes 
(K, + K,+ 2R)I 
that is, proportional to J. Hence, if a voltage is injected into the 
battery circuit and this voltage reverses with the battery current 


Fie. 130 Fie. 131 


and is proportional to it, the terminal voltage will be kept 
constant. The booster which injects this voltage is called a 
“reversible battery booster.” If the excess voltages e, and e, 
were rigorously proportional to J, and the characteristic of the 
booster were a perfect straight line through the origin, then the 
simple arrangement shown in Fig. 181 would give the necessary 
constant battery voltage #,. Unfortunately, neither assumption is 
strictly true, and therefore the boosters used in practice have to 
be much more complicated. 

There are several boosters which fulfil the necessary require- 
ments, one form, the Entz booster, being taken as an example. 
The arrangement of the Entz booster is shown in Fig. 132. The 
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most important part of this booster is the regulator, which consists 
of two piles of carbon plates pressed down by a lever L. This lever 
is pulled down on one side by a 

Generator spring, W, and on the other side 

by a solenoid, S, in series with the 
} line. The booster is separately 
excited, its field being connected 
direct to the exciter armature, while 
| the exciter field is connected to the 
middle point of the regulator and 
the middle point of the battery. 
When the line current is equal to 
the normal full load generator cur- 
rent, no help is needed from the 
battery, and the spring is adjusted 
so that, with this current, the resist- 
ances of the two carbon piles are 
equal, thus producing zero current 
in the exciter field and giving no 
] voltage in the booster armature. If 
the line current increases, the 
solenoid is pulled down on the right- 
hand side, thus reducing the resist- 
ance of the right-hand pile. The 
Fie. 132 exciter field now carries a current, 

Enrz BoosTEr and the E.M.F. induced in the 
booster armature enables the battery 

to discharge into the line. When the line current is less than 
normal, the pull on the solenoid relaxes and the left-hand pile has 
the smaller resistance. This reverses the direction of the current 
in the exciter field and so reverses 
the direction of the E.M.F. induced 
in the booster armature. The bat- 
tery is then charged by the generator. 
In the case of all boosters which 
have to carry a violently fluctuating 
current it is necessary that the volt- 


= Fie. 133 
age they produce shall follow, with- 
out any time lag, the variations in PERE RGD PaRERAT 


current. It is therefore necessary 
to laminate the whole of the field systems of such machines. If 
this were not done the rapid fluctuations in flux would induce 
eddy currents in the solid iron, which, apart from produci:ig heat 
and loss of efficiency, would prevent the necessary rapid change 
in flux with current, and thus cause the voltage variations to lag 
behind those of the current. 

If a booster is used merely to charge a battery it supplies current 
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in one direction only, for which reason it is called an “ Irreversible 
Battery Booster.” The arrangement of such a booster is shown in Fig. 
133. It will be seen that the booster adds its voltage to the bus-bar 
voltage, and its voltage range must therefore cover the variation of 
battery voltage between fully charged and discharged conditions. 
The booster in this case is shunt or separately excited, the necessary 
regulation being performed by hand. Sometimes a booster is 
used to charge individual cells if these have become discharged 
more than the other cells in the battery. Such a booster is 
called a “ Milking Booster.”’ 

9. Calculation of Feeders. Kutvin’s Economy Law. We have 
seen that the drop of volts is not a primary factor in the design of 
a feeder. A feeder can, therefore, be designed on the basis of current- 
carrying capacity and, where practicable, of minimum financial loss. 
The financial loss per annum occasioned by conductors of electricity 
is made up of (a) interest on the capital cost of the conductors, plus 
an allowance for depreciation, (b) the cost of the energy wasted in 
virtue of the ohmic resistance of the conductor. For a route of given 
length the weight, and therefore the cost of the copper, is proportional 
to the area of cross section. Hence, the annual value of the combined 
interest and depreciation is also proportional to the cross section, 
and can be written as £Pa, 
where P = a constant, 

a = cross section of copper. 


The ohmic resistance is proportional to 1/a, and therefore for a 
given curve of demand for a current throughout the year the energy 
lost in the conductor will be proportional to the resistance, and 


therefore proportional to = . The annual value of this energy will, 


therefore, be proportional to - and can be written £ x where Q 


is another constant. 


(ae Tess) oe (Pa ie 7 


financial loss a 


If plotted against cross section, the graph of the loss Pa is a 
straight line, while that of Q/a is a rectangular hyperbola, as shown 
by curves 1 and 2 in Fig. 134. The graph of total annual loss is 
given by curve 3, and it exhibits a minimum at that value of a 
corresponding to the intersection of the two component curves. 
The above argument has not been concerned with any insulating 
covering in the case of cables, or of insulators in the case of bare 
conductors, from which we see that for bare conductors the most 
economical cross section is that which makes the annual value of 
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the interest and depreciation on the conductor equal to the annual 
value of the electrical energy loss due to the resistance of the 
conductor. 

It is to be noticed that a feeder cross section, as calculated from 
the law, will not always be a practicable one, because it may be 
too small to carry the current. 


& per 
Annum. 


Minimum 
Annual 
Loss. 


O Cross-Section for &@ 
Minimum Loss. 


O Cross-Section for af 
Minimum. Loss. 


Fies. 134 anp 135, InnusTRate Kuentvin’s Law 


Example. If the cost of an overhead line is £600 x A (where A is the sec- 
tional area in square inches), and if the interest and depreciation charges on 
the line are 8 per cent, estimate the most economical current density to use 
for a transmission requiring full-load current for 60 per cent of the year. 
The cost of generating electrical energy is 0-5d. per unit. The resistance of a 
conductor one mile long and 1 sq. in. cross section is 0-43 ohm. (London Univ.) 


The value for resistance should obviously be :043 ohm, and we will 
use this figure. Consider one mile, and let the full-load current be 
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I, then in a two-conductor line in which each conductor is of 
resistance R, power lost at full current 

= 217i 

= 2/" x 043 x a watt 

A 
; 2 
= — x 10-7 kW 


The annual loss of energy is equal to that produced by the above 
loss taking place continually for 60 per cent of the year, i.e. for 


(‘6 x 365 x 24) hours. Hence, at gh ks per unit, annual value of 


480 
the energy lost 
OBO TIS aus 1 
= £( ae 10 x 6 xX 365 x 24 x oe, 
yk 
= £ 00094 A 


The annual value of interest and depreciation 


= 8%, of £600A = £484 
Hence, for minimum annual loss 


[2 


48A = -00094 a 


‘00094 


We will now consider the influence of the insulation in the case 
of a covered cable. For a given type of cable, e.g. with vulcanized 
india-rubber, or impregnated paper insulation, for a given type of 
armouring, and for a given working voltage, the cost of the covering 
does not vary very much with the cross section of the cores, with 
the result that as a rough approximation we can regard the covering 
as adding a constant term to the cost of the cable. The annual 
value of the interest and depreciation can, therefore, be written 
£(Pa + R), where £& is another constant. The effect of this on the 
graph of interest and depreciation is to raise the graph of £Pa 
vertically through a distance equal to £R. Similarly, the graph of 
total annual loss namely, £(Pa + Q/a + R) is merely the graph of 
£(Pa + Q/a) raised vertically through a distance £R, without pro-— 
ducing any horizontal displacement in the point of minimum cost. 
This is shown in Fig. 135. It follows from this that the insulation 
does not have any effect on the value of the cross section which 
gives the minimum annual loss, so that for an insulated cable the 
law can be stated as follows. The most economical cross section 


., Current density 3 = Al 48 __ 296 amp. per sq. in. 
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is that which makes the annual value of the interest and depreciation, 
due to the conductor in the cable, equal to the annual value of the 
energy lost. 


Example. A 500-volt, 2-core feeder, two miles long supplies a maximum 
current of 200 amp., and the demand is such that the copper loss per annum 
is such as would be produced by the full current flowing for six months. The 
resistance of a conductor one mile long of 1 sq. in. cross section is -046 ohm. 
The cost of the cable including installation is £(6a + 1-2) per yard, and interest 
and depreciation charges 10 per cent. The cost of energy is 0-5d. per unit. 
Find the most economical cross section, and plot curves of component and 
total annual losses. 

For one mile, cost of conductors in cable 

= £6a x 1760 
= £10560a 
.. Interest and depreciation 
= £1056a 
Power lost per two cores, per mile, with maximum current flowing 
a= 21/7 
"046 
are (200)? x om watts. 


.. Annual value of energy lost 


046 1. 865x241 
= £(2 x (200) x =P x 10 a ae, 
_ ¢ 33°58 

a 


Hence, for the most economical cross section 


1056a = 33°58 
‘ a 
a = [33°58 _ 09.178 sq. in. 
1056 


From the above figures we have for the three constants P = 1,056, 
Q = 33-58, and R = 211-2 for each mile of cable, so that the curves 
are as shown in Fig. 136. 

10. Calculation of the Drop of Volts in Distributors. (a) DistRiBuUTOR 
Fep rrom OnE END. We have seen that the main consideration in 
the design of distributors is the drop of volts. This drop depends 
upon the nature of the current loading of the distributor, and also 
on whether it is fed from one end only or from both ends. Consider 
first of all a distributor with concentrated loads, and fed from one 
end. Let 1, 2, 73, etc., be the currents tapped off, and J,, I, Is, 
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etc., the currents in the distributor sections. Let 7,, 72, 73, etc., be 
the resistances of the distributor sections, and R,, Ry, R;, etc., the 


Ee 


El 
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a 
LZ 


& per Annum,in£ 100 
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total resistances from the feeding point F to the successive points 
(Fig. 137). 
Then total drop = 1,1, + rel, +73lg +... 
= y(t) + tg +%g+ . - .) 
+ alte + tg +...) 
seer bee) a! ey dine bone 
=r, + (ry +12) + t9(ty +2 +73) +... 
= 1,8, +1,Ry +%4,R, +... 
= L(iR) 

Thus the drop at the far end of a distributor fed at one end is given 
by the sum of the moments of the various currents tapped off, about 
the feeding point. The drop at any intermediate point is equal to 
the sum of the moments of the currents up to that point, plus the 
moment of all the currents beyond that point assumed to be acting 
at that point. Thus the drop at the third tapping point will be 


Wh, + 1ghy + 13h, + (ty +is+ .. KR, 
= 1, + t,R, + 15K, 
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and similarly for any other intermediate point. The total drop, 
reckoning both conductors, will, of course, be twice the above value. 

(0) Tarex-wirE DistrRipuToR FED FRoM ONE Env. The drops in 
the two outers are calculated as above. In the case of the neutral, the 
currents flowing to it from the positive outer are reckoned positive, 
while the currents flowing from it to the negative outer are reckoned 
negative. If the total drop in the neutral is positive it is added to 
the positive drop and deducted from the negative drop; and vice 
versa. 


Example. A three-wire distributor, 300 yd. long, is fed at 230 volts on each 
side, and is loaded as follows— 


Yards from feeding point, + side - 30 100 140 160 210 £240 
Load A 20) 40 50 10 25 30 
Yards from feeding point, — side op 80 120 180 260 
Load : ~ moO 25 85 60 25 
i 
R, : 
pled 2 | ade 
q; Iz q3 Ly 
ty l2 ig lg 


Fig. 137. Distarsutor Fep at Onz Enp 


The outers each have a resistance of 0-15 ohm, and the neutral has a cross- 
section of one-half each outer. Calculate the P.D. at the far end on each side. 


Resistance per yard of outer 
15 
~ 300 
.. Resistance per yard of neutral 
= 10 x 10% ohm 
Drop in positive outer 
= (20 x 30+ 40 x 100+ ... 30 x 240) x 5 x 10° 
= 25650 x 5 x 104 = 12-82 volts 
Drop in negative outer 
= (30 x 60 + 25 x 80+ ... 25 x 260) x 5 x 10° 
= 25300 x 5 x 10-4 = 12-65 volts 
Drop along neutral 
= { (25650) — (25300)} x 10 x 10° 
= + 0:35 volts 


= 5 X 10‘ ohm. 
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*, Total drop on positive side 
= 12-82 + 0-35 
_ = 13-2 volts 
*, P.D. on positive side at far end 
= 230 - 13-2 = 216-8 volts - 
Total drop on negative side 
= 12-65 — 0-35 
= 12:3 volts 
*, P.D. on negative side at far end 
= 230-12-:3 = 217-7 volts 


(c) DistrrsutoR FErp at Bora Enps. The potential of the con. 
ductor will gradually fall from one feeding point, say, F, (Fig. 138), 


= M << 


i 
eee ee 
(A) PRA Fe) op 


bh w&@ wy & ts iste oo Fz ig: 


ty t2 t3 ig LY t6 tz ig 
Fie. 138. DistrisutorR Fep at Bots ENps 


reach a minimum at one of the tapping points, and will rise again as 
the other feeding point Fis approached. There is thus some tapping 
point M, at which the potential is a minimum. Between F', and M@ 
all the currents tapped off will be supplied from F,, while between 
F, and M all the currents tapped off will be supplied from F’. 
With regard to the point M itself, the current tapped off there will, 
in general, come partly from fF’, and partly from F',, and we can 
denote these two parts by # and y respectively. If the distributor 
were cut in two at M, « amperes tapped off at the end served by F’, 
and y amperes tapped off at the end served by /’,, then the potential 
distribution would be unchanged, showing that, from this point of 
view, we can regard the distributor as consisting of two separate 
distributors each fed from one end only, as in Fig. 138 (B). In 
order to calculate the drop we thus require to locate M, and then 
calculate x and y. This is gone by means of the pair of equations 


ety 
Drop from F, to t= =a Tetaee from F', to M : 


Example. A distributor is fed at both ends. It is a two-core cable half a 
mile long and of cross-section -05 sq. in. The loads tapped off are as shown in 
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Fig. 139, the numbers along the distributor indicating yards. If the two ends 
F, and F, are at the same potential, which point will have the lowest potential, 
and what will be the drop at that point. Take the specific resistance of copper 
as 0-7 microhm per inch cube. 


The best method of locating the point of minimum potential is 
to take moments about the two ends, and by comparing the sum 


160 70 60 100 45 75 95. 85 100 150 


Te ZO FO Tomy bey 0 70 
Loads, in Amperes 
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of these as the calculation proceeds, to make a guess at the point. 
This is done in the following table— 


Moment about F, in Moment about F, in 
Ampere-yards. sales | Ampere-yards. Sums. 
15 x 160 = 2,400 2,400 30 x 150 = 4,500 4,500 
20 x 230 = 4,600 7,000 25 x 250 = 6,250 10,750 
10 x 290 = 2,900 9,900 10 x 335 = 3,350 14,100 
12 x 390 = 4,680 14,580 20 x 430 = 8,600 22,700 
15 x 435 = 6,525 21,105 


The table indicates that the sixth tapping point from F is the 
required point. We then have for the two equations 


rty= 20 
21105 + 510% = 14100 + 430y 
x = 1:7 amp. and y = 18-32 amp. 
.. Drop at M per conductor 
= 21105 + 510 x 1:7 
= 21973 ampere-yards 
pl 0-7 x 10% x 36 
Gin 05 
= 50-4 x 10°° ohms 
.. Drop per conductor 
= 2-1973 x 104 x 50-4 x 10° 
= 11-1 volts 


Resistance per yard = 
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Hence, the total drop, reckoning both conductors, will be 22-2 
volts. 

We have now to consider the effect of the feeding points F, and F, 
not being at the same potential, this condition being, of course, 
very probable in an actual case. Suppose that there is a difference 
of v volts between the points F, and F,, Ff, being at the higher 
potential. 

The quickest method is the following. We convert the v volts 
into ampere-yards; F, starts off with this drop below F,, and this 
- value appears in the column for J’, as an initial drop. The procedure 
is then as described above. Thus, in the above example, suppose 
that v is 5 volts. The resistance per yard is 50-4 x 10° ohms, so 
that the initial ampere-yards for F, are 


5 


mod 108 = 9920 ampere-yards 


The table then becomes the following— 


Moment about F’,. Sums. Moment about F,. Sums. 
Initial = 9,920 9,920 
15 x 160 = 2,400 2,400 30 x 150 = 4,500 14,420 
20 x 230 = 4,600 7,000 25 x 250 = 6,250 20,670 
10 x 290 = 2,900 9,900 10 X 335 = 3,350 24,020 
12 x 390 = 4,680 14,580 20 x 430 = 8,600 32,620 
15 x 485 = 6,525 21,105 
20 x 510 = 10,200 31,305 


The dividing point is thus the same. We have 
x+y = 20 
and 21105 + 510% = 24020 + 430y, 
giving 
== 12-2 and y= 7:8 
The voltage drops can be calculated as before. 


(d) Drop In 4 UNIFORMLY-LOADED DISTRIBUTOR. 
Let 1 = current tapped-off per unit length 
and r = resistance per unit length (Fig. 140) 
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.. Drop at distance x from F 


_ {Sum of moments rl Moment of the whole load beyond 
up to x x, assumed acting at x 


oe , 
= idx .rx + i(l—2x) .rx 
= dra? + irl — ira? 


: L 
= — lira? Bea Ver | 
= trlx — hire’ an 


at the far end « = | ‘o 
« Drop = 407F 
~ = dil) x (rl) éy idee 
= IR Fie. 140 

where J is the total current, and R the total resistance. : 

Thus a uniformly-loaded distributor fed at one end gives a total 
drop equal to that produced by the whole of the load assumed 
concentrated at the middle point. 

Now let the distributor be fed at both ends. Then with both 
_ ends at the same potential the point of minimum potential is 

obviously the middle point. We can thus imagine the distributor 
cut into two at the middle point, thus giving two uniformly-loaded 


distributors fed at one end. The resistance of each is a and the 


total load in each is : 


“~ 


ts| 


.. Drop at middle point = 4 x “ x 
SaurR 


EXAMPLES ON CHAPTER X. 


(1) 600 h.p. at 600 volts is to be delivered at a place 2 miles distant from 
an electrical generating station. Find the power and voltage of the generator 
required, if the loss in transmission is to be 14% of the power generated. 
Also determine the cross section of the cable required. (C. and G., 1909.) 


Ans.—520 kW at 698 volts. 1-28 sq. in. 


(2) A three-wire feeder is half a mile long, the two outers having a cross 
section of 0-25sq.in. and the neutral), 0:125sq.in. If the voltage at the 
feeding points is to be 200 on each side, and the loads on the positive and 
negative sides are 130 and 100 amp. respectively, what voltages must be 
maintained on the two sides at the generating end ? 


Ans.—216-04 and 203-4 volts. 


(3) Calculate the power lost in the above feeder, and the efficiency of 
transmission. Find the resistance of a two-wire feeder which will transmit 
230 amp. at 200 volts and have the same loss as the three-wire feeder. Also 
compare the amounts of copper in the two- and three-wire feeders. 


Ans.—-038 ohm per conductor ; 36 to 100. 
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(4) What is the ‘‘time-constant”’ of an electric circuit? Explain its 
importance in direct current working, e.g. in reversible boosters, and in 
alternating current working. How does it vary with the saturation of the 
iron of the circuit ? (London Univ., 1912.) 

(5) Describe carefully the conditions under which a reversible battery 
booster has to work, and the functions it has to perform. Why is it not 
possible to use a simple series dynamo, driven at a constant speed, as such 
a booster. 

(6) Describe one form of balancer for balancing the voltages on a three-wire 
D.C. supply system. Make a diagram of connections, showing how it is 
connected to the mains. (London Univ., 1921.) 

(7) Make a diagram of connections showing the necessary machines in the 
supply station of a three-wire continuous current system. What is the 
object of a balancer, and how does it act ? If the supply voltage on each side 
of the three-wire system is kept at the same value at a feeding point, what 
is the effect on the voltage at terminals of lamps on each side, if the load on 
one side of the system is greater than on the other? (C. and G., 1914.) 


CHAPTER XI 
TESTING OF DIRECT CURRENT MACHINES 


1. Types of Tests. The methods of testing electrical machines can 
be divided into three classes, direct, indirect, and regenerative. 

In the direct method the motor or generator is put on full load 
and the whole of the power developed by it is wasted. For a genera- 
tor the load usually consists of a water resistance, the output of 
the machine being used in heating the resistance. For a small 
motor a brake can be applied to a water-cooled pulley and the 
load adjusted until full load current is flowing. Then if W, and 
W, are the tensions in |b. on the tight and slack sides of the brake 
band, r the radius of the pulley in ft., and WN the speed in r.p.m., 

_ 2nN(W,-W,)r, 
Motor output 33,000 brake h.p. 
_ 27N(W,- W,)r X-746 
33,000 
If I is the total current taken from the line, and #, the voltage 
applied to the motor terminals, 


Intake = HI watts 
Output _ 27N(W,-W,)r 746 


watts 


Hence, Efficiency, 7 = 


Intake EI 33,000 
—17-3N(WV1- Wale o 


If a test of this kind is applied to a series motor the brake must 
be tight before the motor is switched on to the supply, otherwise the 
armature may fly to pieces. 

A simple brake test like the above is suitable for small machines, 
but for a large motor it is preferable to direct couple it to a generator, 
and to load the generator by means of a resistance. The generator 
is carefully calibrated by determining the various losses in it before- 
hand, and its efficiency at different loads is thus known. Hence, 
if the generator output is measured by means of an ammeter and 
voltmeter, its intake can be calculated. This intake is obviously 
the motor output. 

The testing of large machines by the direct method entails a 
considerable loss of power; in fact, in the case of a very large 
machine, there may be no facilities for a direct test. 

2. Indirect Methods. These consist in determining the losses 
and predetermining the efficiency from these. The amount of 
power required is that to supply the losses only, so that there is no 

177 


178 ELECTRICAL TECHNOLOGY 


difficulty-in applying the method even to very large machines. 
The disadvantage is that the machine is running light during the 
test so that, although the efficiency can be calculated with fair 
accuracy from the results obtained, no indication is given as to the 
temperature rise on load, or to the commutating qualities of the 
machine. 

The simplest of the indirect tests is the Swinburne test, and it 
can only be applied to shunt or compound machines. The machine 
is run light as a motor, and the armature current J, measured. 
The armature resistance and field resistance are also measured, 
and the temperature of these windings observed. Since the 
machine will be hot when running under normal conditions, the 
probable hot resistances are calculated, a temperature rise of 50°C. 
being assumed. Then if R is the measured armature resistance, 
the resistance after a temperature rise of 50°C. will be 


R, = R(1 + 50a) 
where the value of a, the coefficient of increase of resistance with 
temperature, will be fixed by the initial temperature. 
Let the suffixes 0, 1, and 2 refer to zero temperature, t,° C., and 
t,° C.; then 
R, = F,(1 + ot) 
Ry = R(1 + ate) 
as 1+ aot, 
: Hs ne = (; aie a) 
Now let a, be the temperature coefficient corresponding to the 
initial temperature ¢,. Then we have 


Ry, = R,(1 + a, .tg-—%) 


: 1+ a,t 
- 1+ a,(f,-4) = race 
0 
giving finally 
a, 
Pie Toe Qoty 


Thus, if we take the value a, = -00427 for pure copper, we have 
for, say, t; = 40° C. 
00427 
oT 440 x 00807, 
and similarly for any other initial temperature. 
If a copper coil of resistance 100 ohms at 40° C. is heated to 100° C., 
its hot resistance will thus be 
Ryo = Rgo(l + ayo X 60) 
= 100(1 +- -00364 x 60) 
= 121-8 ohms 
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Similarly with the field winding. From the cold resistance of the 
armature, the copper loss /,2R is calculated, and from the cold 
resistance of the shunt field the field copper loss H?/R,, is calculated. 
The sum of these two losses deducted from the intake HI, gives the 
friction and iron losses, that is, the stray losses. If now the calcu- 
lated field copper loss H?/R,,, using the hot resistance, is added to 
the stray losses, the result will be the constant losses. Let these 
be W,. Then, for any armature current J, the armature copper loss 
will be J,2R,, where R, is now the hot resistance. Hence, total losses 
of all kinds 

W,= I,?R, + W, 
The field current will be 
E 
1S 
sh bie 
and the line current will be 
I, = 1,+ 1,, if the machine is motoring 
I, = I, - I,, if the machine is generating. 
Also, HI, is the intake when motoring, and HI, is the output when 
generating. 
Hence, efficiency when acting as a motor 


__ Intake — Losses _ HI,- W, 


Intake wit 
and efficiency when acting as a generator 
Output EI, 


‘3 Output + Losses LI, -+ W, 
Thus, if different armature currents J, are assumed, the efficiency 
at different loads can be calculated. 
If the machine under test is to function as a motor under normal 
conditions, its probable drop of speed on any load can be determined 
from the measured no load speed N, from the expression 


aR: 
E-R,l, 


The drop in speed under normal working conditions will probably 
be somewhat less than this, because armature reaction on load 
will cause a decrease in total flux, and this will have a tendency to 
keep the speed up. The speed will also be altered if the brush 
position is different from that during the test. 

3. Separation of Losses. The above methoddoes not. give any 
indication as to how the stray losses are divided between friction, 
hysteresis, and eddy current losses. These can be separated by 
the following test. The machine is run light as a motor, and a 


Ne ex NM 
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resistance R is placed in its armature circuit, so that any speed 
can be obtained. (See Fig. 141.) The field is separately excited 
to the normal value and different voltages applied to the armature, 
the speed WN and the armature intake being observed for each value 
of the voltage. It is preferable, although not absolutely necessary, 
to measure the intake by means of a wattmeter, as shown. 
The armature current J, is also observed, and the armature copper 
loss I,2R, deducted from the observed intake. This gives the 


=z 


Fie. 141 Fie. 142 


total stray losses, say W. Now the various components of the 
stray losses are all functions of the speed, and can be written 


Friction loss = AN + BN? 


Hysteresis loss = CN so longas the excitation is constant. 


Eddy current loss = DN? so long as the excitation is constant. 
A, B, C, and D are all constants. We therefore have 


W = AN+ BN?+ CN + DN? 
oF R= (A+0)+ (B+ D)N 
Hence, if ud is plotted against the speed N, a straight line will 


be obtained (Iig. 142). By taking two points on this line, not 
necessarily observed results, and substituting the corresponding 


values of and N, a simultaneous equation will be formed from 


which (4 + C) and (B+ D) can be calculated. The losses for 
any speed can then be. calculated. So far the losses have been 
separated into those proportional to N, and those proportional 
to NV, and such a separation is sufficient for most practical purposes. 
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If it is required to determine each of the constants A, B, C, and D, 
then it is necessary to repeat the experiment with a reduced 
excitation. This will not affect the friction loss, but the constants 
C and D will be different, say, C’ and D’ respectively. Then the 


equation to the new curve of a against N is 
Pa(A+0)+(B+D WN 


The terms (A + C’) and (B+ D’) can then be determined as 
before, and by subtracting (A + C’) from (A + C) and (B + D’) 
from (B+ D), the quantities (C-—C’) and (D-D’) are found. 
Now C, the coefficient for the hysteresis loss, is proportional to the 
flux © raised to the 1-6 power, and D is proportional to ©. Hence, 
calling ® and ©’ the fluxes corresponding to the normal and reduced 
excitation, we have 


eu ae (F)" ; D’ of (Fy 
Cc ® sn i] ® 

Again, the ratio ©’/® is given by the ratio of the back E.M.F.s 
in the two experiments for any given speed. Knowing the applied 
voltage and the armature current, the back E.M.F. can be calculated 
by deducting the armature drop from the applied voltage. The 
above ratios can thus be calculated and the constants A, B, C, and 
D then determined separately. 

4. The “ Retardation’? or “Running Down’’ Test. This is 
another convenient method of separating the various losses. In 
this method the machine is run up to a little way beyond normal 
speed, and the supply is then switched off from the armature. 
As a result the armature slows down, its kinetic energy being 
drawn upon to supply the various losses produced by rotation. 
If J is the moment of inertia of the armature and w its angular 
velocity at any instant, then losses due to rotation 


d 
W= ao kinetic energy 


To calculate W it is therefore necessary to determine the curve 
of w against t. There are several ways of doing this, the method 
involving the least amount of special equipment being to connect 
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a very high resistance moving coil voltmeter across the armature 
terminals and to use it as a speed indicator. It is calibrated for 
speed as follows. When motoring at constant speed, the speed, 
the applied voltage, and armature current are observed. The 
back E.M.F. is calculated, and the ratio of observed speed to 
back E.M.F. gives the required constant of the voltmeter when 
used as a speed indicator. If the machine is a very large one, and 
takes a long time to slow down, the following procedure can be 
adopted. A circle of paper is pasted on the dial of a stop clock, 
and each time an observer watching the voltmeter gives a signal, 
a second observer marks the position of the seconds hand with a 
pencil. The first observer gives his signals each time the volt- 
meter needle passes one of the main divisions as the armature is 
slowing down. Such a method naturally necessitates a certain 
amount of skill, but when experience has been gained very 
consistent results can be obtained. In the case of small machines 
the fall in speed is too rapid to enable such a method to be 
adopted. 

It is therefore preferable to observe, by means of a stop-watch, 
the time taken to slow down from a fixed voltage somewhat higher 
than the normal voltage, to the various main divisions below this 
on the voltmeter, the motor being brought up to full speed for each 
observation. Thus, suppose that 200 volts is taken as the reference 
mark on the voltmeter. The motor is brought up to such a speed 
that the voltmeter reads somewhat higher than this, and the 
armature supply is cut off. The voltmeter needle immediately 
begins to fall, and the time to fall from 200 volts to 190 volts is 
observed. The speed is then brought up to full value, supply cut 
off, and the time to fall from 200 volts to 180 volts is observed ; 
and so on. The observed voltages are converted to speeds and 
the speed time curve plotted as in Fig. 143. To find the gradient 
dN /dt at any point P, it is usual to draw a tangent to the curve and 
to measure the intercepts OM and ON. The change of curvature 
is so small that it is necessary to make several trials, the positions 
M and N being marked in pencil, but the tangent line not being 
drawn. If the means of the various lengths OM and ON are 
taken, we have 


Ni gins 2 measured sae Oh) 
ON (measured in units of t) 


Now, if the moment of inertia J is expressed in gram cm.? and w 
in radians per sec., then 


W ees ca < ergs per sec. 


= se < 10-7 watts. 
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If Lis expressed in kilogram-metre? units, then, since the kilogram- 
metre? unit is equal to 10’ gram. cm.* units, the equation for IV 
becomes 


d 
W =Iwx a N(R.PM,) 
Again, @ = 27 X rev. per sec. 
2a 
au XN 
60 * 
and dw _ 27. dN 
dt 60 dt 


Hence, finally, 


_ [2a\" ,,,dN 
Ww ~ (27) ee 


oO t (Seconds) 
= 0.0109 rv 27 Fra. 143 


so that, if J is known, the stray losses W can be calculated for 
any speed JN. 

There are several ways of finding J, the two most convenient 
being as follows. When the slowing-down curve has been obtained, 
a flywheel of known moment of inertia I’ is keyed to the shaft and 
the curve obtained again. Naturally, the time of slowing down will 
be longer. For any given speed the rates of change (dN /dt) and 
(dN /dt)’ are determined as before. For the same speed the losses 
will be the same, since a smooth flywheel will not affect these 
appreciably, and we therefore have 


0-0109 ZN (*) = 0-0109(1 + I’) N (2 
dt dt 
= (GZ) 
Hi dt dt 
(z) 
dt 
(ur) (az) 
dt} \ dt 
The second method consists in observing the time taken to slow 
down, say, 5 per cent in speed, then applying a known retarding torque 
and observing again the time taken to slow down the same 


amount. The retarding torque can be applied by means of a brake, 
but it is more accurate to apply it electrically, the method of 


J=IxX 
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doing so being indicated in Fig. 144. The armature is controlled 
by a double throw switch S which is opened when the slowing 
down under normal conditions is to be observed. When applying 
an additional retarding torque, S is thrown right over so as 
to connect the armature to a non-inductive resistance as shown. 
The current J, through this resistance produces an additional loss 
of [,2(R + R,). The current J, will of course fall as the speed 
falls, but with a change in speed of not more than 5 per cent the 


Voltmeter used we 
as speed 
fraicator 


Fame 
FN 


Cae 
Ole 


Non- inductive 
Fesistance R 


Fie. 144 


change in J, will be so small that it will be sufficiently accurate if 
a second observer takes its initial and final values, the mean value 
being used in the expression. Call this additional load W’ watts 
and let the losses corresponding to the mean speed be W. Then, 
if ON is the change in speed and ¢ and ¢’ the times of slowing down 
without and with the extra load respectively, 


W= o-o1ogw SX 


W+W’ =0-0109 Hes: 


sida Ladin 
ae W t! 
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Example. On breaking the armature circuit of a se i 

i 2 parately excited motor, 
the E.M.F. induced in the armature falls from 200 volts to 190 volts in 30 sec. 
ck Fe of th a jotees from the armature by connecting it to a 
resistance immediately after disconnecting it from the suppl , th fall 
in E.M.F. takes 20 sec. Find the stray ay apie taiekal ans 


Wehave N = KE, where k is a constant 


W =0-0109 IN sa 
= 0-0109 rn 
The mean value of FH is 195 volts, and without the additional load 
dH /t is 10/30 = }. 
*.. W = 0-0109k? x 4 x 195 x I 


The mean value of the additional load is 195 x 10 = 1950 watts, 
and the corresponding rate of fall 6H/t is }. 


*. W + 1950 = 0-0109k? x 4 x 195 x I 
.. Subtracting, 
1950 = 0-0109K? x 4 x 195 x I 


oe wy — _6 x 1950 
0-0109 x 195 
6 x 1950 
_ W = 0-0109 195 x 8 X 1950 _ 
Be 2 ening 1ps 


= 3900 watts. 


5. Regenerative Methods. These methods require two machines, 
preferably identical. These are mechanically coupled, and are 
so adjusted electrically that one of them acts as a motor and the 
other as a generator. The motor supplies the mechanical power 
to drive the generator, while the electrical power developed in the 
generator is utilized in the motor. Thus, two machines of any size 
can be tested under full load conditions, and the power taken from 
the supply will be that required to overcome the losses only. The 
method is therefore invaluable where tests of long duration under 
full load conditions have to be made on very large machines. 
Such tests are called “ heat runs,” because the object of the test is 
to determine the final temperature rise of the machine. Regenera- 
tive tests were first introduced by Hopkinson, for which reason 
they are often called Hopkinson Tests. 

The method of procedure in the case of shunt machines is indicated 
in Fig. 145. Machine J is run up to full speed by means of the 
starting resistance, not shown, the main switch of machine // 
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being open. This machine will therefore generate, and when its 
voltage has been adjusted equal to, and of the same polarity as, the 
bus-bar voltage, this ad- 
justment being made by 
means of a paralleling 
voltmeter V, it can be 
switched on to the supply. 
Any required load can 
now be thrown on to the 
machines by adjusting the 
respective shunt regula- 
tors. The machine with 
the smaller excitation will 
act as a motor, because 
its back E.M.F. being less 
than that of the other, 
will admit a greater arma- 
ture current, and therefore 
produce a greater torque. 
Assuming, first of all, that the shunt losses are the same in both 
machines, and that the armature copper losses and also the stray 
losses can be equally divided between them, we have 


Motor intake = HI, 


Fie. 145 
Horxinson TEstT 


Generator output = EI, 

Current from supply I;, say, = I,-I, 

.. Motor intake = H(f,-+I;) 

.. Motor output = nH (I, + I) where n, = motor efficiency 
Again, generator output= EI, 

.. Generator intake = EHI,/n, where 7, = generator efficiency 
But the generator intake is equal to the motor output, so that 

Ta +Ts 


By making the assumption of equal division of losses we also 
assume equal efficiencies. Hence, if we express either efficiency 


by 7, we have : 
Jie pat. 
I,+1; 


_ The error introduced: by these assumptions will not be very 
important in the case of large machines, because the armature 
currents will not be very different, and the difference in the 
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excitations required to give the necessary circulating current 
through the armatures will not greatly affect the iron losses. In 
the case of small machines the armature currents and the excitations 
are very different in the two machines, and the efficiency, as 
calculated above, is far from accurate. The greatest error is made 
in assuming that the armature copper losses are equal, because 
these losses are proportional to the square of the current. By 
calculating these losses separately, but assuming an equal division 
of stray losses, the error is reduced to a very small amount. The 
exciting currents are first adjusted till each of the ammeters A, and 
A, reads one-half of the ammeter A,. The machines are now both 
motoring light, and if J, is the current taken from the line, i.e. the 
reading of A;, the total excitation and stray losses in the two 
machines are given by HI,. We thus have for one machine 


EI, 
2 
these losses being assumed constant. If the excitations are different 


the ammeters A, and A, will carry different currents. Calling 
these currents A, and A,, and the shunt currents, a, and a,, then 


VP = 


Current in motor armature Jy = (A,-4;) 
*. Motor armature copper loss Rly? = R,(A,-4,)" 
.. Total motor losses W, = W,+ R,(4,-4,)? 
Again, motor intake = HA, 
° — E A, - Wx 
eM = ey 7. baal 
In the case of the generator the armature current is 
Ig = (A, + 4.) 
.. Generator armature copper loss 
Bos ee B,(Aock aoe 
<. Total generator losses W, = W,+ R,(A, + @,)* 
Again, generator output = HA. 
HA, 


Oa gaD or pereg 


In testing compound machines, the series coils are very often 
left out of circuit ; they can be kept in circuit if that on the motoring 
machine is reversed. 


Example. Two shunt motors loaded for the Hopkinson test take 15 amp. 
at 200 volts from the supply. The motor current is 100 amp. and the shunt 
currents are 3 amp. and 2-5 amp. If the resistance of each armature is 0-05 
ohm, calculate the efficiency of each machine for its particular conditions of 


loading. 
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The motoring machine has the smaller shunt current, so that the 
distribution of current is as given in Fig. 146. 


Total intake of set = 15 x 200 = 3,000 watts 
Copper loss in motor armature = (97:5 x -05= 475 ,, 

3 » generator armature = (88)? x 05 = 387 ,, 

a » motor field ==) 2°3 << ZOO mee Or os 

AS » generator field ==) SEG COO = 600 ,, 


Total copper losses = 1,962 watts 


Motor Generator 
Fia. 146 
.. Total stray losses = 3,000 — 1,962 
= 1,040, say 
.. Stray losses per machine = 520 watts 
Generator efficiency— 
Output = 200 x 85 = 17,000 watts 
Field copper loss = 600 watts 
Armature copper loss = 387 ,, 
Stray losses SE tee 
Total losses SS OT 75, 
Intake = 17,000 + 1,507 = 18,507 watts 
: no = 2000 5 109 = say 
Motor efficiency— 
Intake = 200 x 100 = 20,000 watts 
Field copper loss = 6500 watts 
Armature copper loss = 475 _,, 
Stray losses =i) ae 
Total losses = 1495 ,, 
Output . = 20,000 —- 1,495 = 18,505 watts 
__ 18,505 


x = 39,999 X 100 = 92:55% 
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6. Series Motor Tests.* Because of the large variation in excitation 
of a series motor during normal working conditions, tests made with 
a fixed excitation are of little value. Again, no load tests are 
impossible because of the dangerous speed attained. For these 
reasons the testing of series motors is much more difficult than that 
of shunt motors. If the motor is not too large, a brake test can 
be made on it, but in the case of large machines it is preferable to 
make a combined test with two machines. There is, as a rule, 
little difficulty in obtaining a pair of identical motors, since most 
series motors are used for traction work, and each tramcar has at 
least two. When a pair 
of machines is tested it is 
preferable to ensure that 
the iron losses are equal, 
if this is possible. This 
necessitates equal excita- 
tions. This condition is 
fulfilled in “ Field’s Test ” 
by connecting the two fields Fie. 147 
in series. This arrange- CoNNECTIONS FOR Fietp’s Txst 
ment of the test is shown 
in Fig. 147. Machine I runs as a motor and drives machine II as a 
generator, the output of the latter being wasted in the adjustable 
load R. The connection of the generator and motor fields in 
series ensures that the stray losses in each machine will be the 
same. In making the test it is preferable to include no switch- 
gear in the connection between generator armature and load, 
since with this precaution there is no danger of the load being 
thrown off by mistake. 


Let H, = supply voltage 


I, = motor current 
H£, = voltage at terminals of load & 
I, = load current 


.. Intake of whole set = HJ, 
Output = #,I, 
.. Losses of all kinds W, = H,1,- L,I, 
Total copper losses W, = }(R, + 2R,,)J,? + Ral,7} 
.. Total stray losses 2W, = Wy-W, 
.. Stray losses in one machine 
W,-W, 


* More complete information on the testing of series motors is given in 
Electric Traction, by Dover. 
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The motor efficiency can now be determined as follows: the 
generator is working under such abnormal conditions that there 
is no object in calculating its efficiency. 


Motor intake = HI, where HF, is the reading of V, 
Total motor losses = (Rk, + #,,)J,? + W, 
= W,,, say 
EH gl 1 Ww 
ae = 


It is to be noted that the above test is not a regenerative test, 
since the output of the generator is wasted. A regenerative test 
on series motors 
is rather difficult 
to carry out, the 
best method being 
as follows. (See 
Fig. 148.) The 
generator during 
the test is loaded 


back onthesupply, 

' Line Booster Load Booster the amount of this 

Fie. 148 loading being regu- 
REGENERATIVE TEST lated by a load 


booster, this 
booster being a small low voltage generator whose voltage can 
be varied between zero and a maximum. At the moment of 
starting it is necessary to have a resistance load, R, across the 
armature as in Field’s Test, but when the set is running this 
can be cut out and the load looked after by the booster. The 
generator and motor fields are in series, so that the stray losses in 
the two machines are the same. In order to keep the voltage 
across the motor terminals AB constant, an adjustable resistance 
can be connected in series with the motor, but if, as is usually the 
case, the supply is at normal motor voltage, it will be necessary 
to boost up the voltage in order to compensate for the drop in the 
generator field F,. This is automatically carried out by a second 
booster, called the line booster, and this second booster is series 
excited. 


Let H, = supply voltage and J, = motor current 


Let H, = generator voltage and 7, = current loaded back on 
the supply. 


~, Total losses in the two machines = H,I,- HI, 


Total copper losses = (R, + 2R,,)1,? + R,I,? 
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The calculation of the motor efficiency is thus the same as in Field’s 
Test and need not be proceeded with any further. 

It will be realized that, by the use of boosters, the motoring 
machine in Field’s test can be worked under normal conditions. 
In the Hopkinson test the motoring machine has its field weakened, 
and therefore neither machine is working under quite normal 
conditions. This can be avoided by keeping the normal voltage 
across the field of the motoring machine, and increasing the field 
of the generating machine by means of a field booster. 


EXAMPLES ON CHAPTER XI. 


(1) Describe in detail all the adjustments and tests you would make in 
determining the efficiency of a continuous current shunt motor by the “loss ”’ 
method at a given output. Deduce the formula for the current corresponding 
with a load of W watts, supplied at V volts, assuming the loss tests have 
furnished the requisite data. (London Univ., 1910.) 

(2) A shunt motor running light at 480 volts, takes a current of 2:5 amp. 
The resistance of its field winding is 800 ohm and of its armature 0-6 ohm. 
Determine the efficiency of the motor when loaded so that the current is 
40 amp., the terminal voltage being maintained at 480 volts. (London 
Univ., 1913.) j 

Ans.—88-9%. 


(3) If you had to determine the efficiency of a very large motor, say, 200 h.p., 
and the only supply available was one from which about 20h.p. could be 
taken, what procedure would you adopt ? 

(4) You are required to determine the no-load magnetization curve of a 
shunt-excited 500 volt, eight-pole, continuous current motor intended to be 
run at 1,000r.p.m. The source of excitation available is only 250 volts. 
The voltmeter available only reads to 250 volts. Indicate how you would 
carry out the test, and give a diagram of connections. (London Univ., 1920.) 

(5) Two direct eurrent machines are separately excited and mechanically 
coupled for the Hopkinson test. The driving power is supplied electrically 
by a small dynamo, all three armatures being connected in series. If the 
voltages across the armatures of the machines under test are 200 and 160, 
calculate the efficiency of each machine, assuming that they are the same. 


Ans.—89-5 per cent. 


(6) In performing the Hopkinson test on two shunt machines, the following 
results were obtained. Line voltage 200, line current 50, motor current 500. 
Shunt currents 6-0 and 5:0. Armature resistance of each machine -012 ohm. 
Calculate the efficiencies of the motoring and generating machines as 
accurately as the data will allow. 

Ans.—Kach 94:9 per cent approx. 


(7) A separately excited motor ran at 1000r.p.m. with 100 volts applied 
to the armature. On switching off the armature supply the volts fell from 
100 to 90 in 3sec. A band brake giving 3 ft.-lb. was next applied and the 
same fall took place in 1-3 sec. Calculate the stray losses. 

Ans.—325 watts. 


(8) What are the difficulties in applying the regenerative test to two 
identical series motors? Describe the test in detail and state how these 


difficulties are overcome. 


CHAPTER XII 
ELECTROLYSIS—SECONDARY CELLS—PRIMARY CELLS 


1. Electrolysis. A liquid conductor which undergoes chemical 
change on the passage of an electric current is called an electrolyte. 
The immersed conductors forming the terminals of the cell are 
called electrodes ; the positive electrode is also called the anode, and 
the negative electrode the cathode. The products of the decom- 
position which takes place in the cell appear at the electrodes. 
It appears probable that the splitting up of the molecules of the 
electrolyte takes place independently of the passage of current, 
the constituents wandering about haphazard in the solution. These 
constituent parts of the molecule are called ions. The electrical 
conductivity of such a liquid is due to the fact that the ions carry 
electric charges, some positive, some negative. On the application 
of a potential difference to the electrodes the positively charged 
ions move down the potential gradient towards the cathode, and 
they are therefore called cations. The negatively charged ions 
move towards the anode and are called anions. When an ion 
reaches an electrode it “‘ gives up its charge’ and ceases to be an - 
ion, the subsequent changes it undergoes depending on its chemical 
constitution. 

The metals and hydrogen are electro-positive in character, that 
is, they form positively charged ions, or cations, when in solution. 
The non-metals of the chlorine group, e.g. Cl, Br, I, and Fl, and 
also the acid radicals such as SO,, NO,, PO,, etc., form anions 
when in solution. 

It is well known that an acid radical such as SO, cannot exist 
alone, but must always be associated with the chemically equivalent 
number of hydrogen or of metal atoms. This does not apply to a 
radical in solution, because it is then associated with a negative 
charge, and in this condition appears to be stable. 

2. The Products of Electrolysis depend upon the nature of the 
electrolyte, i.e. whether base, acid, or a metallic salt. Consider a 
solution of a base such as NaOH. The caustic soda molecule 
splits up in solution into Na and OH, which now exist as a sodium 
ion, Na associated with a positive charge, and a hydroxy] ion, OH, 
associated with a negative charge. On applying a P.D. to the 
electrodes the sodium ions move to the cathode, give up their 
charge, and become free sodium atoms. They immediately combine 
with water to form sodium hydroxide, this change being accom- 
panied by the liberation’ of hydrogen at the cathode. The hydroxyl 
ion moves to the anode, gives up its charge, and becomes a free 
OH group. This group cannot exist alone unless it is associated 
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with a negative charge, and it therefore combines with hydrogen 
from the water, thereby liberating oxygen at the anode. It will 
thus be seen that the products of electrolysis are hydrogen and 
oxygen, from which it would appear that the water only is decom- 
posed. It is obvious, however, that the Na and OH ions play an 
indispensable part in the process, for without them the liquid would 
be a non-conductor. 

With an acid solution, the products of electrolysis depend upon 
the nature of the electrodes. Take the case of a solution of 
sulphuric acid. The molecules of acid split up into hydrogen and 
sulphion, SQ,, ions, which on the application of a P.D. move 
towards the cathode and anode respectively. The hydrogen ion 
gives up its charge and is liberated as hydrogen gas. The SO, 
ion gives up its charge at the anode and must now either combine 
with two hydrogen atoms or the chemical equivalent of metal 
atoms to form sulphuric acid or a metallicsalt respectively. With, 
say, a platinum anode, the SQ, is compelled to take the necessary 
hydrogen atoms from the water, thus liberating oxygen at the 
anode. With, say, a copper anode, the SO, combines with the 
copper to form copper sulphate, which passes into solution. There 
is then no liberation of oxygen at the anode, but the anode itself is 
gradually dissolved away. 

As an example of the decomposition of a salt solution, take the 
case of a solution of copper sulphate with copper electrodes. The 
ions are Cu with a positive charge, and SO, with a negative charge. 
The copper ions move to the cathode, give up their charge, and are 
then deposited as metallic copper on the cathode. The SO, ions 
move to the anode, give up their charge, and then combine with it 
to re-form copper sulphate. The final result of such an electrolysis 
is thus the transference of copper from the anode to the cathode. 

3. Quantitative Laws of Electrolysis. The phenomena of electro- 
lysis were thoroughly investigated by Faraday, who found that the 
weight of an element or radical deposited at an electrode is pro- 
portional to the quantity of electricity which has passed. Hence, 


if 


= weight of the deposit in grammes 
= current in amperes 

= time in seconds 

= a constant for a given ion 

then w= Alt 


The constant A is composite, its value depending upon the atomic 
weight and the valency It is obvious that for the electrolytic 
deposition of metals, or the liberation of gases, w will be proportional 
to the atomic weight, because each ion carries a definite quantity 
of electricity. Now the charge carried by an ion is proportional to 
its valency, for consider molecules of sulphuric acid and copper 
sulphate. The sulphion in the acid molecule is combined with 
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two hydrogen atoms, whereas it is only combined with one copper 
atom in the copper sulphate molecule. From this it follows that 
the copper atom, which is divalent, has, when in the form of a 
copper ion, twice the charge of a hydrogen ion, which is univalent. 
In other words, in order to carry a given quantity of electricity, 
only one-half as many divalent copper ions as univalent hydrogen 
ions will be required. Hence, the greater the valency of the ion, 
the smaller the number of ions required to carry a given quantity 
of electricity, from which it follows that the weight deposited is 
inversely proportional to the valency. The equation can therefore 
be written 


‘pes p oot 
v 


where a = atomic wt.; v = valency ; B = another constant. 

The constant B is equal to the number of grammes of hydrogen 
deposited by the passage of 1 coulomb of electricity, namely, to 
0-00001038 gramme per coulomb. The quantity Ba, or a@ x 
0-00001038, gives the number of grammes of a univalent substance 
of atomic weight a deposited by 1 coulomb. Thus, in the case of 
silver, the atomic weight is 107-6 and the weight per coulomb is 
107-6 x 0-00001038 = 0-001118. The quantity Ba/v gives the 
number of grammes of a substance of any valency v deposited by 
lcoulomb. Thus for divalent copper a = 63-2, v = 2, and therefore, 
Ba/v = 0-000328 gramme per coulomb. 

The quantity Ba/v is called the eleciro-chemical equivalent ; hence, 
denoting it by z, we have 

w= elt 
The quantity a/v is the chemical equivalent. 

4. Polarization. The relationship between the current J through 
an electrolytic cell, and the applied P.D., H, is given by an equation 
of the form 

HE=ce+R!I 

where ¢ is the back E.M.F. or polarization E.M.F. of the cell, and RI 
is the ohmic drop due to its internal resistance. In the case of a 
cell in which the electrolyte is a salt of the metal of the electrodes, 
e.g. CuSO, with copper electrodes, the back E.M.F. is set up by 
concentrations of electrolyte round the electrodes. If the electrodes 
are not acted on by the electrolyte, e.g. platinum electrodes in a 
solution of H,SO,, it is due to deposits of gas. These concentrations 
of electrolyte, or deposits of gas, prevent the fresh arrivals of ions 
from reaching the electrodes, the result being that the ions are 
unable to give up their charges, and so set up a back H.M.F. 

Multiplying both sides of the above equation by J, we have the 
energy equation 


EI = sl + RP 


ELECTROLYSIS AND BATTERIES 195 


The term AJ? represents the power used in producing heat, and the 
term eJ represents the power required to effect the chemical changes 
taking place. The energy absorbed in effecting the chemical changes 
during a time ¢ is, therefore, elt, if I has remained constant. Other- 
wise, € of Idt. Consider the case of a dilute sulphuric acid electrolyte 
with platinum electrodes. Mixed oxygen and hydrogen will be 
liberated, and the potential energy of this mixture will of necessity 
be equal to the energy used in liberating it, e.g. to elt. Now when 
1 gramme of these mixed gases is exploded, 3,780 calories of heat 
are evolved. The equivalent in watt-seconds or joules is 3,780 x 4:2 
= 15,870. Again, the passage of 1 coulomb of electricity liberates 


‘00001038 gm. of hydrogen and -00001038 x - gm. of oxygen ; 


that is, 9-35 x 10° gm. of mixed gases. The quantity of electricity 
required to liberate 1 gramme of mixed gases is therefore 105/9-35 = 
1-07 x 104 coulombs. But we saw that the product eIé was equal 
to 15,870. Hence, for the back E.M.F. ¢, in the case of such a cell, 
we have 

15,870 


~ 1-07 x 104 


Hence, to electrolyze dilute sulphuric acid, or any electrolyte in 
which mixed oxygen and hydrogen are evolved, an applied P.D. 
greater than 1-47 volts is necessary. 

5. Accumulators. In the previous section we saw that an 
electrolytic cell could set up a back E.M.F. if there was a con- 
centration of electrolyte round the electrodes, or if there was an 
accumulation of gas on the electrodes. This back E.M.F. can also 
exist if the electrodes themselves are changed chemically. The 
most striking example of this phenomenon occurs with lead elec- 
trodes in a dilute solution of sulphuric acid. The acid molecules 
split up into hydrogen and sulphion ions, associated with positive 
and negative charges respectively. On the application of a potential 
difference to the electrodes the hydrogen ions travel towards the 
cathode, where they give up their charges and are liberated as free 
hydrogen. The sulphion ions give up their charges at the anode, 
and they then have a choice of combining with either the lead of 
the anode, or the hydrogen of the water. Both reactions take place 
at the same time, but the most important is the combination with 
hydrogen of the water, so as to liberate oxygen. This oxygen at 
the moment of liberation is in the nascent, i.e. atomic form, and it 
therefore attacks the lead of the anode and forms in time a brown 
deposit of lead peroxide, PbO,. On stopping the current and 
connecting a voltmeter to the electrodes it will now be found that 
the cell has an E.M.F. of 2 volts. If the electrodes are joined by a 
wire the cell will produce a current which will flow through the 


8—(T.5432) 


= 1-47 volts. - 
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electrolyte in the reverse direction to the previous current, and the 
cell will discharge. The following changes then take place. The 
hydrogen ions, carrying positive charges, now move towards the 
positive plate, which, as we have seen, is coated with PbO,. After 
liberation of the charge, the hydrogen atoms combine with the 
oxygen of the PbO,, while the acid attacks the lead, with the 
formation of PbSO,. 


PbO, + H, + H,SO, = PbSO, + 2H,0. 


At the negative plate, the sulphion ions, after losing their charge, 
combine with the lead to form PbSQ,. 


Pb + SO, = PbSQ,. 


Thus if the cell is completely discharged, both plates will be 
coated with a whitish coating of lead sulphate. If the discharged 
cell is now charged again by passing current from an external source 
through it from positive to negative plate, the following changes 
will take place. 

At the negative plate PbSO, + H, = Pb + H,SO, 
At the positive plate PbSO,-+ SO, + 2H,0 = PbO, 
+ 2HSO, 
From this it will be seen that on re-charging, the positive plate will 
re-acquire its brown coating of lead peroxide, while the negative 
plate will be reduced to grey metallic lead. 

The capacity of such a cell, that is, the number of ampere-hours 
that can be obtained from it when discharging, will naturally be 
very small, because of the small surface exposed to the acid. With 
repeated charging and discharging, the lead plates will become 
“spongy,” and will present a much greater effective surface to the 
acid, the result being that the capacity will be greatly increased. 
This process of producing accumulator plates is called “‘ forming ”’ ; 
it is no longer used because of its high cost. A cheaper method is 
to use plates in the form of cast lead grids, the holes in which are 
filled with a paste of lead oxide. If red lead, Pb,O,, is used for 
the positive, and litharge, PbO, for the negative, both plates can be 
formed at the same time by immersing them in dilute sulphuric 
acid and passing current. The positive plate becomes further 
oxidized to PbO,, while the litharge is reduced to metallic lead. 
Such plates are not mechanically strong, and the paste is liable to 
fall out if the cell is severely used. In more modern processes the 
plates are formed by a very quick process. Thus, boiling in nitric 
acid to oxidize the lead, and then reducing the oxide electrically are 
possible. It is usual to perform these two operations together by 
adding “‘ quick formation agents ” to the electrolytic bath. These 
agents, of which nitrates, chlorates, and acetates are examples, 
form unstable compounds with the lead, these compounds being 
immediately formed into PbO, by the action of the current. 


ELECTROLYSIS AND BATTERIES 197. 


Various types of formed and pasted plates are illustrated in 
Fig. 149. 


When a cell is charged the voltage gradually rises, remains in the 
neighbourhood of 2-3 volts for some time, and then rises again, 
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Fie. 149 
Typrs or ACCUMULATOR PLATES 


as shown by Fig. 150. At the same time a large quantity of gas 
is evolved. The final rise is due to a concentration of sulphuric 
acid in the pores of the positive plates. If the charged cell is now 
left standing this strong acid diffuses into the rest of the solution, 
and the voltage of the cell falls to about 2-2. If now the cell is 
discharged, the P.D. at the terminals remains roughly constant 
for a time, and then begins to fall. The final fall is very rapid if 
the cell is allowed to discharge completely, because of the dilution 
of the acid in the pores of the plates. In practice a cell should not 
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be allowed to discharge below 1-8 volts, otherwise there will be an 
excessive formation of sulphate which will be difficult to remove. 
Also, the plates may tend to buckle and the paste become loosened. 
For this latter reason the charge and discharge currents should not 
be excessive, since too rapid chemical action is the main cause of 
buckling. 

The density of the acid is 1-21 when fully charged, corresponding 
to 28 per cent acid by weight. When discharged to 1-8 volts the 
density is much less, about 1-18, corresponding to 25 per cent acid. 
With varying density, the conductivity of the acid varies, as shown 
in Fig. 151. It will be seen that a density of just over 1-2 gives 
the minimum specific resistance, and therefore, the minimum 
internal resistance of the cell. 

As stated before, the capacity of a cell is reckoned by the number 
of ampere-hours on discharge at the normal discharge rate. If the 
discharge rate is less than normal the capacity will be greater, but 
with an excessive discharge rate the capacity will be very much 
reduced, as shown by Fig. 152. For a pasted positive plate the 
average capacity is about 4 ampere-hour for each square inch of 
positive surface (reckoning one side); the normal discharge rate, 
about 3 amp. per square inch of positive surface. Temperature 
has a great effect on the action of a cell, rise of temperature increas- 
ing the E.M.F. slightly, and the capacity, very considerably. Thus, 
a rise of temperature of 30°C. will increase the capacity at normal 
discharge rate by 30 per cent. 

The efficiency of a cell can be reckoned in two ways— 


Quantity efficiency = ampere-hours of discharge 
ampere-hours of charge 


Energy efficiency = watt-hours of discharge 
watt-hours of charge 


If # is the terminal P.D. per cell, #, the E.M.F. per cell on charge, 
and H, the K.M.F. on discharge, then 


Bmw fto0RT 


The average terminal P.D. during charge is therefore greater than 
during discharge, the difference being twice the internal drop RI, 
plus the quantity (#,—H,). The E.M.F. during charging is greater 
than during discharging, because of the presence of the gases 
evolved. It therefore follows that the energy efficiency is less than 
the quantity efficiency. Increase in discharge rate, as we have 
seen, reduces the capacity and therefore the quantity efficiency to 
a certain extent, but it decreases the energy efficiency still further, 
since the greater the discharge rate the smaller the terminal P.D. 
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af the cell. Average values are 90 per cent for the quantity 
efficiency and 75 per cent for the energy efficiency. 

Cells of the lead-acid type weight about 41lb. per ampere-hour 
for ordinary construction, 4 lb. per ampere-hour for high discharge 
rate cells such as are used in power stations, and about 4 1b. per 
ampere-hour for cells used in electric vehicles. 

6. Testing. In order to carry out on a cell a test of any real value, 
it is necessary to make observations during charging and discharging, 
and to ensure that the electrical and chemical states of the cell at 
the end of the test are the same as at the beginning. This is done 
by plotting the E.M.F.-time curves and Sp. Gr.-time curves for 
successive charges and discharges until the curves are exactly 
repeated, the charge and discharge being performed at constant 
current. The cell is then said to be in the “ cyclic state.” Then 


Quantity efficiency = discharge current X fame 
charging current x time 


To determine the energy efficiency, readings of the P.D. have to 
be taken at frequent intervals and plotted against time. The area 
of the curve gives the volt-hours, which, when multiplied by the 
constant current of charge or discharge, gives the watt-hours. 
discharge current x volt-hours of discharge 
charge current x volt-hours of charge 


If H, is the open-circuit E.M.F. of a cell, and #,, the terminal 
P.D when delivering a current J, then 


E,-H, = drop of volts in cell = RI 


Energy efficiency = 


nN . Resistance of cell R = — cal 
A B In this way the resistance of a cell 
can be determined, but the method 

c is not very accurate because (H,- #,) 

dt is small. A better method is to 

| oe balance the E.M.F. of the cell, C, in 

py Fig. 153, against the drop along a 
potentiometer AB, using a milli- 


eee voltmeter (M.V.) in place of a 
MASUREMENT OF INTERNAL 1 5 
aS eee galvanometer. The cell is then 


discharged at, say, J amp. through 
an adjustable resistance Rh, the milli-voltmeter then giving directly 
the drop in the cell. Hence, 
__ reading of M.V. 
current 


7. The Alkaline Accumulator. The active materials in this cell 
are nickel oxide on the positive, and iron oxide on the negative, 


R 
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plate. The electrolyte is a 21% solution of caustic potash, KOH, 
with the addition of a small quantity of lithium hydrate. The 
action of the latter is not yet understood, but it very materially 
increases the capacity of the cell. The exact formula of the nickel 
oxide is not yet established, but the action of the cell can be followed 
by assuming the peroxide NiO,, or its hydrated form Ni(OH),. 
On discharge the OH ions of the KOH travel to the negative, the 
iron therefore becoming oxidized. The K ions travel to the positive 
and reduce the Ni(OH), to Ni(OH),. During charge the converse 
action takes place, so that the action can be represented by the 
reversible equation 


Ni(OH), + KOH + Fe 2 Ni(OH), + KOH + Fe(OH), 


It will be noticed that the electrolyte acts merely as a vehicle for 
the transfer of OH from one plate to another, and it does not take 
part in any chemical change. As a result, the density does not 
change to the same extent as in the ordinary lead-acid cell. 

The positive plate consists of a number of tubes made of per- 
forated steel ribbon, wound spirally, and held together by steel 
rings. The tubes are very heavily nickel plated, packed with 
alternate layers of nickel hydroxide and flake nickel, and then 
clamped in a steel frame, which is also nickel plated. The flake 
nickel is added because the hydroxide is rather a poor con- 
ductor. The negative plate is made from finely perforated 
nickelled steel strip stamped into pockets, the pockets being filled 
with iron oxide. Here also the conductivity is not very good, and 
it is improved by adding a little mercury. In order to render the 
iron oxide susceptible to chemical changes in the cell, it is prepared 
by alternate reduction and oxidation of iron sulphide under KOH. 
The plates are separated from one another by hard rubber strips, 
and are held in a nickel plated sheet steel container with welded 
seams. 

The normal density of the electrolyte is 1:22, and this falls 
to about 1-16 during the first year’s use. A fresh electrolyte of 
density 1-25 is then added, this higher density being to compensate 
for the old weak solution left in the plates. 

The E.M.F. per cell when fully charged is 1-4 volts, and it is 
usually allowed to fall to 1-1 before recharging. Actually, the cell 
can be completely discharged, or even short-circuited, without 
damage, but it is not economical to allow the E.M.F. to fall below 
about 1 volt. The efficiencies are lower than for lead-acid cells, 
average values being 80% for the quantity efficiency and 60% for 
the energy efficiency. The weight of the cell is about 1 lb. per 
10 ampere-hours. 

The effect of an increase in temperature is to lower the E.M.F. 
slightly but to increase the capacity, and there is a critical 
temperature of 53°F. below which the capacity falls off rapidly. 
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8. Primary Cells. The simplest cell consists of a vessel of dilute 
sulphuric acid in which electrodes of copper and zinc are placed. 
The copper becomes positive relatively to the zinc, and if the two 
are joined by a wire a current flows. The sulphuric acid is thereby 
decomposed, and the hydrogen, which travels in the direction of 
the current, adheres to the copper electrode in the form of small 
bubbles. This gas can be regarded as constituting the positive 
of a new cell consisting of the elements hydrogen, sulphuric acid, 
and zinc, the E.M.F. of this cell opposing that of the original cell. 
The E.M.F. of the latter therefore dies away, the phenomenon 
being that of polarization. Since any practical form of cell must 
have a reasonably constant E.M.F., polarization must be prevented. 
The problem is thus the prevention of the formation of free 
hydrogen. There are two methods: a metal can be deposited on 
the cathode instead of hydrogen, or the hydrogen can be combined 
with some other substance the moment it is evolved. 

The first method is used in the Daniell cell, in which two liquids, 
copper sulphate and dilute sulphuric acid, separated by a porous 
pot, are used. The positive plate, of copper, is immersed in the 
copper sulphate, and the negative plate, zinc, in the dilute acid. 
When current flows, the direction inside the cell is from zinc to 
copper, the hydrogen thus travelling to the copper sulphate solution. 
Here it throws down copper and forms sulphuric acid. The SO, 
ion attacks the zinc and forms zinc sulphate. This change is an 
oxidation and it supplies an amount of energy equal to the electrical 
energy supplied by the cell, plus the energy required to precipitate 
the copper. The electrodes are not changed, and therefore, there 
is no polarization, the E.M.F. remaining constant at 1-07 volts. 

The second method is made use of in the Leclanché cell. The 
electrolyte is in this case a solution of ammonium chloride, NH,Cl, 
in which a zine rod (the negative electrode) is dipped. When the 
cell delivers current, zinc chloride, ZnCl, is formed, and the NH, 
group acts as the carrier of positive electricity. The positive 
electrode is a carbon plate placed in a porous pot and packed round 
with a mixture of manganese dioxide and carbon. This mixture 
becomes permeated with the electrolyte, and the NH, ions are able 
to travel to the carbon plate. They are there split up into 
ammonia and hydrogen gas, the latter being oxidized to water by 
the manganeso dioxide. The removal of hydrogen in this way 
is necessarily slow, and therefore the cell is only suitable for 
intermittent use. The energy in this cell is supplied by the 
‘formation of zine chloride. 
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CHAPTER XIII 
ALTERNATING CURRENT CIRCUITS 


1. An Alternating Quantity is one which acts in alternate directions, 
and whose magnitude undergoes a definite cycle of changes in 
definite intervals of time. The graph of such a quantity is shown 
in Fig. 154. It will be seen that the graph repeats after regular 
time intervals, and one repeat is called a complete “cycle.” The 
time 7’ of one cycle is called the “‘ periodic time,” and the number 
of cycles per second, the 

“frequency,” f. Hence, 


seh es Tim 
i 7 and f 7 SLL: 
2. The Simple Alternator. 

Consider a coil rotating with Fie. 154 
angular velocity w radians GBAPH OF AN ALTERNATING QUANTITY 
per sec., as shown in Fig. 
155, in a uniform magnetic 
field, and let time be reckoned 
from the instant the plane 
of the coil includes the OX 
axis. In this position the 
flux ® linking with the coil 
has its maximum value D,,4,. 
Hence, if the linkage is 
expressed as a function of 
the time f, 


ON = O,,4,N cos wt, 


N being the number of Fie. 155 

turns on the coil. The SimptE ALTERNATOR 
induced E.M.F. in the coil 

is equal to minus the rate of change of linkage. Denoting the 
instantaneous E.M.F. by e, 


ei = 4, oN cos wt) X 10° volts 


dt 
= (D,,2.Nw X 10°) sin wt. 


Obviously the quantity in the brackets is the maximum value of 
the E.M.F., Emaz, and we can therefore write 


e= Lae sin wt. 
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The induced voltage is therefore sinusoidal, and unless otherwise 
stated, alternating current calculations are always made on the 
assumption that the voltage and current are sinusoidal. 

It is obvious that in the case of the rotating coil, one complete 
cycle is gone through in one revolution, i.e. 27 radians. Hence, the 
equation for the instantaneous voltage can also be written in the 
form 

e = Fqz Sin 27 ft. ; 

Example. An alternating current of frequency 50 cycles per sec. has a 
maximum value of 100 amp. Reckoning time from the instant the current 
is zero and is becoming positive, calculate (a) the instantaneous value after 
1/300th sec. ; (6) the time taken for the current to reach 80 amp. for the 
first time. 


(a) & = Iman 8in Qn ft. 


100 sin (2n x 50 x aa) ... angle in radians 


I 


Il 


100 sin (300 x BO x sa) J angle in degrees 


= 100 sin 60° = 86-6 amperes 
(6) 80 = 100 sin (27 x 50)... angle in radians 
100 sin (360 x 50#) .. . angle in degrees 


stl Hens 
360 x 50 


I 


., 360 x 50 x ¢ = sin 10-8 = 563° approx. .". t 
00295 sec. 


_ 8. Effective Value. The effective value of an alternating E.M.F. 
or current is given by that direct E.M.F. or current which, when 
applied to a given circuit for a given time, produces the same 
expenditure of energy as when the alternating E.M.F. or current 
is applied to the same circuit for the same time. 
Consider an alternating current of any wave form (Fig. 156). 
Divide the base into a large number, n, equal intervals, each of 


= sec, and let the mid ordinates be #,, 7,, 13, etc. Let this current 
be flowing through a resistance of R ohms. 


Then energy expended in Ist interval = i,?R x - joules 
n 


Be 7 
2” ” 2nd ” = tte x = > 


: : T 
rv) 23 3rd 2? = is°R x ve $5 


etc, 
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Hence, total energy expended in time 7’ 
_ 7 yeaa alae Hy ) 
n 


Now let I be the effective current ; then the energy expended in 
time 7’ will be I[?RT joules. By definition these two expressions 
for the energy are equal 


[?:RT = TR Sea 
n 
nN 


Hence, the effective value is equal to the square root of the mean 
of the squares of successive ordinates. It is, therefore, sometimes 


Fia, 156 


called the ‘‘root mean square” (R.M.S.) value. It is also 
called the ‘‘ virtual ”’ value. 
4. Average and Effective Values of a Sinusoidal Wave. We have 


e = Eas Sin 0 
where = wi. A half wave is completed when 6 varies from 


0 to m radians. 
Hence, average value 


je oR shin Ema sin. 040 
T Jo 


= Emax [ eos | 
7 (a) 


— 2E max or Eman 


7 a/2 
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Again, 
leit , 
E24, = — x8 EH? nae Sin? 6d0 


1 


— PE mae np — cos 26) dé 
Pa Shey 


wT 
—Finss| 6-4 sin 20| 
2a 0 


= $ E a nas 
E maz 
ef = /2 


The ratio H,,,/Eg, is called the “Form Factor” of a Wave. 
For a sinusoidal wave we therefore have 


E 


EH H 
Form Factor= iy = a2 
= 1-1] 


5. Graphical Representation of Alternating Quantities. Consider 
a vector OP rotating with angular velocity w, where w = 2nf 
(Fig 157). Let the length of 
OP be Hinge Then at any 
instant the intercept on the 
Y axis will be 
OM = OP sin wt 
= Eingz Sin wt 


Hence, OM=e, the in- 
stantaneous voltage. 

Now the axes OX and OY 
are fixed in space, and it is not 
necessary to include them in 
the diagram; we are thus 
left simply with the vector 
OP. Finally, since the effec- 
tive value # bears a definite 
relationship to the maximum value, namely, Eymq2/W2, the length 
of the vector can be made equal to the effective value if desired. 

Hence, an alternating voltage or current can be represented 
by a simple vector, It is to be remembered that this vector is 
rotating, so that its position on a diagram gives the conditions at 
a certain instant of time. By drawing the OY axis and projecting 
the vector on to it, the instantaneous value at the particular instant 
defined by the position of the vector is obtained. 


Fie. 157 
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6. Phase Difference. Suppose two alternating quantities are 
represented at a given instant by two vectors, OP and OQ (Fig. 158). 
Then the angle » between them is called the “phase” angle. 
With reference to the direction of rotation of the vectors, OP is in 
front of OQ, and OP is said to “lead” OQ, while OQ is said to 
“lag” behind OP. If the two quantities are also represented 
by wave diagrams as shown in Fig. 163, the phase difference 
is given by the relative displacement of the curves along the angle, 
or time, axis. With reference to such a diagram the leading 
quantity is that which goes through its zero or crest value the 
first. The lag or lead obviously depends upon the assumed direc- 
tion of rotation of the vectors, and in all the vector diagrams 
following the direction is counter-clockwise. 

If the vectors are voltage vectors and the leading _. 


vector is represented by P 
e, = OP sin wt Q 
then the lagging vector will be represented by 
€é,g = OQ (sin wt - -) 
If a number of alternating voltages act at the 
’ game time in a given circuit their resultant is 
given by their vector sum, just as the resultant oO 
of a number of forces acting at a point is given by 
the vector sum. The resultant voltage at any Bias 158 
instant is given by the algebraic sum of the BT ae wb 


instantaneous values. This algebraic sum is 
obviously the same as the algebraic sum of the projections of all 
the vectors on the Y axis. 

7. The Addition of Alternating E.M.F.s, or Alternating Currents. 
In the great majority of alternating current circuits it is necessary 
to consider the combined action of several E.M.F.s, all acting in the 
circuit at the same time, or in the case of a branched circuit, the 
action of several currents. One method of determining the resultant 
of a number of alternating E.M.F.s or currents is to regard their 
vectors as forces and to make the calculations exactly as in the case 
of a similar problem dealing with the effect of a number of forces 
acting at a point. For example, if there are two E.M.F.s acting at 
the same time, their equations being 


e, = LH, sin wt 
and €g = Hy sin (wt + ¢) 


the vectors are of lengths #, and H, (maximum values) and their 
phase displacement ¢, with the result that their resultant is given by 


Ee nar = By + Ey? + 2E,E, cos ¢ 
Buy, = 107 X VEZ + EZ? + 2H,E, cos b 
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Alternatively, we have, dealing in instantaneous values, 
e=e, +e, = L, sin wi + H, sin (wt + ¢) 
= Ji, sin wt + EF, (sin wt cos ¢ + cos wt sin @) 
= (H, + EH, cos ¢) sin wt + HL, sin ¢ . cos wt 
This shows how we can resolve the total E.M.F.s into two sinusoidal 
components in quadrature with one another, the 


magnitudes of these two components (maximum 
values) being (H, + EH, cos ¢) and #, sin ¢ 


Y respectively. Denoting these by X and Y re- 
spectively, we see that they will form the base 
: and perpendicular of a right-angled triangle 
x (Fig. 159). Let the base angle of this triangle be 
Fie. 159 0, then 
sin 0 = oe se hae ae 
(XPlep y)8 (X?-+ Y*)t 
* e=Xsinwt+ Y cosat 
= (X?+ Y?)t she deasaatlnst . sin wt + pe ae . cos wt 
(X? + Y?)s (X24 Y?)t 


= (X?+ Y?) (sin wt. cos 0 + cos wt . sin 6) 
= (X?+ Y?)t . sin (wt + 0) 
Thus the resultant E.M.F. is a sinusoidal E.M.F. of maximum value 
(X2 + Y?)4, leading the E.M.F. #, by 6 where 0 = arc tan Y 


For the effective value of the resultant, we have 
Bey = “107 (X? + Y?)8 
‘707 {(H, + H, cos 6) + E,? sin? 6}? 
= +707 x VEZ + £2 + 20,2, cos ¢, as before. 


The special case in which HZ, and £, are of equal magnitude is of 
importance. Denoting each by £, we then have 


Ce, -+- ey = HE, sin wt + H, sin (wt + ¢) 
= Ey, {sin wt + sin (ot + ¢4)} 
== 22, cos 8 . sin (0 os _ 


showing that the resultant is of maximum value 2H, cos 4/2, and 


. therefore of effective 1-414H, cos ¢/2, and that it leads the compo- 


nent H, sin wt by ¢/2. 

8. Pure Resistance Circuit. A pure resistance circuit is one 
possessing neither inductance nor capacity. Hence, if a current 
passes through the circuit no back E.M.F. will be set up by any 
change in current. The applied voltage has therefore to overcome 
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the ohmic drop only as in a direct current circuit. We thus have, 
using effective values, 


f Se in phase with E (Fig. 160). 


_ The power, w, in the circuit at any instant is the product of the 
instantaneous voltage and instantaneous current. Hence, if the 


Fie. 160 


wave diagrams are drawn and the products of the ordinates at given 
instants plotted, the resulting curve will be the curve of power. 


We have w= e Xi 


Let € = Eig, Sin wt 
Then 4 = I,,,28in wi 
and i Eh el uno Sill wl 


= 4 maz! max(1 - cos 2a) 
since sin?wt = 4(1— cos 21). 
It is clear that the power, w, has a constant part 42 janl may and 
a fluctuating part - 42 nael maz COS 2wt, the latter averaging zero 
over a complete cycle. Now the power in a circuit, as measured by 
a wattmeter for example, is the average of the instantaneous power, 
w, because power is a scalar and not a vector quantity. Hence 


average power is 
Be Pp W = average of w 


= steady part of w 


i +H mac! man 
B nin caw 
ee Ke Sl 
Vz * V3 
Thus the power in a pure resistance circuit is given by the pro- 
duct of the effective voltage and current. The fluctuating power 
has twice the frequency of the voltage or current. This is illustrated 


by the curve of power on the wave diagram. 
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9. Purely Inductive Circuit. A pure inductive circuit is one 
which possesses inductance only, but no resistance or capacity. 
The nearest approach to such a circuit is obtained by winding a 
coil of heavy section copper wire on a laminated iron core. Such 
a coil is called a “‘ choking coil.” The magnetic field set up by the 
alternating current will be alternating ; hence, its magnitude will 
be changing at every instant. Now a self-induced E.M.F. is set 
up whenever the magnetic flux linking with a circuit changes, and 
since there is no ohmic resistance, the applied E.M.F. has to oppose 


“N 


q ARTS 


SAN NARS 


+ 


\ 


4 
y 
‘a 
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the self-induced E.M.F. only. Hence, the applied E.M.F. is equal 
and opposite to the self-induced E.M.F. at every instant. 


Let t = Inge Sin wt 


= — Lol mg cos wt 
Hence, applied voltage at the same instant, 
e = -e = + Lal ingg cos wt 
The applied voltage is therefore represented by a cosine function, 


and consequently leads the current (which is represented by a sine 
function) by 90° (Fig. 161). Again 


Eman = max. of (LoD naz C08 wt) 
= Dol mas 
Rus Lolter i 
Low 


The quantity Lw is called the “‘Reactance.” If ZL is in henrys and 
w in radians per sec., the reactance is expressed in ohms. 

From the above we see that the current in a purely inductive 
circuit lags 90° behind the voltage applied. 
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For the instantaneous power we have, as before, 
i=" 6" xX F 


If we put e = Hg, 8in wt 
Then + = J,,,, sin ( on - z) = — I ngz C08 wt 


*, W = — EL yar! maz Sin wt cos wt 
= — $B nazl maz Sin 2ot 
and average power 
W =- 42 marl max X average of {sin 2wt} 
=i) 


We therefore see that the total power is zero, a result which at 
first sight is surprising when it is realized that both # and I are 
finite. The power is, in fact, a pure sine wave of double frequency 
and maximum value 34 ,g¢l max = HI. — 

The power is alternately positive and negative, the alternate 
lobes of the curve being of equal magnitude as shown in the 
wave diagram. This is explained physically as follows. When 
the current is zero, there is zero magnetic field. As the cur- 
rent increases, the magnetic field increases, and since work has 
to be done to create a magnetic field, the circuit has to supply 
positive power. This 


goes Goturti! the current giv of Sot yee eee 
is a maximum. The cur- 7 ao am 
rent, and therefore, the ww 5868500 — 
magnetic field, now begin R | L H 
to decrease. Since the enna nF a= afennn nae Bgre-o* 


field is decreasing, its 
potential energy also de- 
creases; it is, in fact, 
returned to the circuit. 

This means that the coil 

is supplying power to 

the circuit, or in other 

words the power is nega- 

tive. When the magnetic Oo 
field has become zero 

again, the whole of its 

energy will have been 
returned to the circuit, and the total work done during the creation 
and destruction of the field will have been zero. Consequently, 
the average demand for power will have been zero. 


ERI A L 
Fia. 162 
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10. Resistance and Inductance in Series. 

Let H = total applied voltage 
H, = drop along R&, and #, = drop along L (Fig. 162). 

Then J, = IR, in phase with I 
and EH, = Lol, leading I by 90° 
Draw OJ to represent the current J in phase and mark off OA = E,. 
Then OA represents #, in magnitude and phase. Draw AB per- 
pendicular to OJ and equal to H,. Then AB represents H, in 
magnitude and phase. Hence, OB, the vector sum of H, and £,, 
is the applied voltage #. We therefore have 


H = VOA?-+ AB? 
= 1x VR? + (Lo? 
E 
2 ea 
zy VE + (Lo? 
The quantity VR? + (Lw)? is called the “Impedance,” and it is 
measured in ohms. It is represented by the symbol Z. 
Again, the vector OB represents the applied voltage in magnitude 


and phase, whereas OJ represents the current in phase. Hence, the 
current lags behind the voltage by an angle 


A 
gy = BOA = tan+ ee or cos? @ 


If each side of the triangle OAB is divided by J the new triangle so 
formed will have a base equal to R, perpendicular equal to La, 
and hypotenuse equal to Z. We therefore have the relation 


(Impedance)? = (Resistance)? -- (Reactance)? 
and this holds for any alternating current circuit. 
Now put e¢ = Engr 8in wt 
. t = Image sin (wt — —) 
WW = €X t= Ege] may Sin wt . sin (wt - —) 
“W = Enax Imax X av of {sin wt. sin (wt - p)} 
= Emax Imax X av. of $ {cos p —cos(2wt - p)} 


The cosine of the angle of lag (or lead) of the current is called 
the “ Power Factor,” because it is the factor by which the apparent 
power HI must be multiplied in order to obtain the true power. 
The presence of the term cos (2wt—) indicates, as before, that 
the power has a periodic component of double frequency. In this 
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case the positive lobes of the power curve (Fig. 163) are greater than 
the negative lobes, because positive power has always to be drawn 
from the supply on account of the J?R loss due to ohmic resistance. 

It is useful to regard the above problem in another way. The 
current J lags behind E by the angle g, as shown in Fig. 164. 
Resolve J into two components, one in phase with EZ and the other 
lagging 90°, or in “ quadrature ” with H. Then 

Component in phase with ZH, OA = Icos@ 


Power contributed by it = I x OA = El cos 
Component in quadrature with 7, OB= I sin 
Power contributed by it = O (from par. 9) 

“ah Total power = EI cos 


The component OA is called the working, or “ wattful,”’ com- 
ponent ; while OB is called the idle, or “‘ wattless,’’ component. 


Example. An arc lamp (which may be regarded as being non-inductive) 
takes 10 amp. at 50 volts. Calculate the impedance of a choker of 1 ohm 
resistance to be placed in series with it in order that it may be worked off a 
200 volt 50 cycle supply. Find also the total power used and the power 
factor. 


The circuit and vector diagram are given in Fig. 165. Resistance 
of arc = 3 = 5ohms. Hence, total resistance R = 6. Total drop 


across this resistance JR = 60 volts in phase with J. The total 
drop along the whole circuit is 200, and the drop, #,, along the 
inductance L is in quadrature with I. 


Hence, ZH, = V (200)? — (60)? = 190-8 volts. 


In the vector diagram OA is the drop of 50 volts across the arc, 
AB the drop of 10 volts across the resistance in the choker, and 
BC the drop of 190 volts across the inductance of the choker. 
The vector sum OC is the total applied voltage of 200, and AC is 
the total drop across the choker 


= V190?+ 10? = 190-3 volts. 
The angle ¢ is the angle of lag of I behind Z. 


.. Power factor = cos y = sob == 0:3. 
Power in circuit EJ cos y = 200 xX 10 x 0:3 = 600 watts 
Or, = J?R, where R is the total resistance 


= 10? x 6 = 600 watts. 
41. Circuit Containing Capacity Only. 
Let CG = condenser capacity in farads. 
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If the voltage at the terminals has at any moment a value e, then 
the quantity of electricity in the condenser at that instant is 


q = Ce coulombs. 


Fias 163 
£25 Ret LL 
faa sie cs 
ke-- 50V--->k10V----Ep-| 


0” 60 49 B 
Fia. 164 Fia. 165 


Now quantity is the product of current and time, and if the current 
is varying, then 


@ ==/4.dt 

or dq = 1: dt 
Bese nr le 
dt wth 
Put € = Ena sin wt 
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poe ee CE naz © 
# 
I =C#H 
@ or Ga 


Hence, the reactance of a condenser is given by 1/Cw. - 

Again, since the voltage is represented by a sine function and the 
current by a cosine function, we see that the current leads the 
applied voltage by 90° (Fig. 166). 


Again, ife = ZH,,,, 8in wt 
we can write i= IJ,,,, Sin (w + | aT ag COB OL 


*, W= Enael max 80 wt cos wt 
= 24 mae! maz 8in 2ot 


*, W = average of w = 0. 


The total power in this case also is zero, and as before, it is periodic 
with twice the supply frequency. 

Since a condenser acts as an open circuit when connected in series 
with a direct current circuit, there is often difficulty in realizing how 
it is that the condenser can carry a current when placed in an 
alternating current circuit. When a continuous P.D. is applied to 
the plates of a condenser there is a momentary flow of electricity in 
the external circuit, which carries a sufficient quantity of electricity 
to the plates to make their P.D. equal to the applied P.D., after 
which all flow ceases. Similarly, if the plates of the charged condenser 
are joined by a wire, the quantity of electricity originally given to the 
condenser will flow in the opposite direction, thus producing a 
momentary current in the opposite direction, which ceases as soon 
as the plates are again at the same potential. This shows that by 
alternately charging and discharging a condenser it is possible for 
an alternating current in the condenser circuit to flow. But this 
current is confined to the external circuit and does not in any way 
flow through the dielectric, and, since the path of the current is 
broken at the plates, it follows that there must be alternate storing 
up and giving up of electrons by the plates. 

The simple analogous hydraulic circuit of Fig. 167 will make this 
clear. The circuit consists of a tube in the form of a ring provided 
at one side with a piston, and at the opposite side with an expansion 
across which an elastic membrane is stretched. The whole tube is 
filled with water. If a steady pressure is applied to the piston in 
the direction indicated by the arrow there will be a displacement 
of water round the ring in a counter-clockwise direction, with conse- 
quent storing of water in the right-hand compartment, and giving 
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up of water by the left-hand compartment. Equilibrium will be 
established, and all flow of water then cease, when the reaction of 
the stressed membrane is equal to the applied pressure. The estab- 
lishment of the stress in the membrane is thus accompanied by a 
momentary displacement of water, in exactly the same way that 
the establishment of an electrostatic stress in the dielectric of a 
condenser is accompanied by a momentary flow, or displacement, 
of electricity. If the piston is released the membrane takes up its 


Fie. 166 Fie. 167. Hypravunic ANALOGY 
Don eR L | i | 


| 
a ae ie alec eee! 
ime Sed). Sel 


Fie. 168 


unstressed position, accompanied this time by a displacement of 
water in the opposite direction. Similarly when a condenser is 
discharged there is a displacement of electricity in the reversed 
direction, this displacement ceasing when the P.D., and therefore 
the electrostatic stress, has been reduced to zero. This has been 
considered from a mathematical point of view in paragraph 18, 
Chapter IV. 

Now, suppose that the piston is given a simple harmonic displace- 
ment, then there will be an alternating flow of water in the circuit, 
but it is obvious that this flow will be bounded by the elastic mem- 
brane, the current in no sense flowing through the membrane. In 
spite of this the flow of water in the rest of the circuit is exactly 


ALTERNATING CURRENTS 219 


the same as though the water did flow through the membrane, and 
similarly in the circuit of a condenser to which an alternating P.D. 
is applied. From this point of view we thus see that it is justifiable 
to speak of the current as the condenser current. 

12. General Series Circuit. Fig. 168 represents a circuit with 
resistance, inductance, and capacity all in series. We have 


E, = RI in phase with J 
E, = Lol in quadrature (leading) with I 


= - in quadrature (lagging) with I 
w 


Draw OI to represent the current in phase, and represent the above 
voltage drops by OA, OB, and OC respectively. The resultant of 
OB and OC is OD, where 

I 


OD = Lek 


Hence, for the total applied voltage we have 


eave. Coe 
E = VOR OB = 1,/ 1+ (Lo - 2) 
@ 
oe oy ee ee B 


R 1 \" 
[B+ (40-7) 
The total impedance is now 
Z - [m+ (to-2) 
Cw 


and the reactance 


Leno Ls} Fia. 169 
-(o- dh 


The condenser reactance is reckoned negative, and therefore, if it 
is greater than the inductive reactance La, the total reactance will 
be negative, as in Fig. 169. If the total reactance is positive the 
current lags behind the applied voltage; if it is negative, the 
current leads. 

For the angle of lag we have 
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1 
a Co reactance 
. ro -1 — i -1 

. en R =a resistance 
Rk resistance 
Power factor = cos QQ a5 FE 
1 impedance 

al R? + (ze - a | 
Co 


13. Electrical Resonance. If the inductive and capacity reac- 
tances, Lw and 1/Cw, are equal to one another in the general series 
circuit, then the total reactance is zero, and the current is given by 
the Ohm’s Law value #/R, and is in phase with H. In order to 
understand what is taking place in the circuit when this condition 
is fulfilled, imagine that the resistance R is zero, that a constant 
voltage H is applied, and that the frequency is varied from zero to 
a very high value. 

Then the inductive reactance X, = Lw = 2nLf, and is repre- 
sented graphically by a straight line through the origin (Fig. 170). 
The capacity reactance 


1 1 
e Co 2nCf 
It is therefore represented by a rectangular hyperbola in the fourth 
quadrant. The total reactance X = X, + X,, and the graph of X 
is also a hyperbola which 
crosses the frequency axis at 
some point A. 

At this point the total re- 
actance X is zero, and since the 
resistance is zero, the total 
impedance is zero. The cur- 
rent J is therefore theoretically 
infinite at this point, as shown. 
For frequencies greater than 
OA, the inductive reactance 
predominates and the current 
lags. For frequencies less 
than OA, the capacity re- 

Fia. 170 actance predominates, and 
therefore, the current leads. 
The condition for zero reactance is 


Lo = 


Vesa 
ai we lx / ty 
This condition is said to be the condition for “ electrical reson- 
ance,” for the following reason. When a condenser is discharged 
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through an inductive external circuit of small resistance, the 
discharge is oscillatory, the frequency of the oscillations being 


When the condenser is in an alternating current circuit it is 
periodically charged and discharged, and if the frequency of the 
applied voltage is such that the total reactance is zero, then it 
coincides with the natural frequency of electrical oscillation of the 
circuit. In an actual circuit, the resistance is, of course, never 
zero, and there are also iron losses taking place in the choker, and 
dielectric losses in the condenser. The current therefore cannot 
become infinite, but when Ff is small it may reach a very high 
value. The voltages across the choker and condenser which then 
occur, namely, 
#. = Lol, and #, = oe 

may be many times greater than the applied voltage. There will 
thus be the danger of break-down of the apparatus. 

It will be seen that resonance is the result of the coincidence of the 
applied frequency with the natural frequency of the circuit. It is 
useful to consider a mechanical analogy. Consider a mass M 
suspended by a spring 8S. If M is pulled downwards and released, 
the system will have a definite frequency of oscillation. If M is 
pushed downwards by a series of timed impulses, then oscillation 
will take place, but no large amplitude will be set up if these 
impulses are not so timed as to occur each instant that the mass 
is passing its equilibrium position in a downward direction. If the 
impulses are so timed, then a very large amplitude of oscillation 
will be set up, the amplitude being much greater than the dis- 
placement obtained if a steady downward force were applied. 


Example. A choking coil of resistance 5 ohms and inductance 0-6 henry 
is in series with a capacity of 10 micro-farads. If a voltage of 200 is applied 
and the frequency is adjusted to resonance, find the current, and the voltages 
across the inductance and condenser. 


Frequency for resonance f = ct rs : 


2a N LC 
a 
2a N 0-6 x 10 
= 65 
Current at resonance / = = = =i = 40 amp. in phase 


with #. 
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ino Ladin 0F 
Co 10 xX 2a x 65 
= 9,800 volts. 
Voltage across choker = [VR+ (Lw)? 
= 40 x V25 + (6 x 2a x 65)? 
= 9,800 volts. 
14. Circuits in Parallel. In a direct current circuit we have 


for the total resistance of a combination of resistances, R,, Ry, Rs, 
etc. 


Voltage across condenser 


Lapliclngncsget celerh . if they are in series 
== Zz +5 R, es nian . if they are in parallel 
or G=4,+4,+ a + ... where Gis the conductance, 


the reciprocal of the resistance. 
For a combination of impedances in an alternating current 
circuit, we have 


Z=2,+2,+2,+  .. (vector sum) if they are in series 
57% ee tag z ae z +... (vector sum) if they are in parallel 
4, 
The er te of tig impedance is called the “‘ Admittance,” Y, 


so that 
Y= Y¥,+ ¥,+ Y,+... (vector sum) 


Just as the impedance has two 


components, resistance R, and 
reactance X, so also has the admit- 
oti namely, the “conductance,” 
g, and “ susceptance,” 0. The 
impedance and admittance triangles 
(Fig. rae are similar. 


*, b/g = tang = X/R 


Me atence Altres 


Triangle. Triangle. also g?+b2?—= Y2 ao 
Fie. 171 BE 
1 
X21 R 
The solution of these equations for g and b is 
R 
9 =F mhos 
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If the admittances of a number of circuits in parallel are represented 
on a vector diagram, as in Fig. 172, then 


X component of total admittance 
Ycosy = Y,cosg,+ Y,cosy,+ Y, cos, + . 
wot Ge Oye Pa Jet. = 
Similarly, taking Y components, 
b6=6,+6,+6,+. 
Total admittance 


Y = V g — b? 
Total current 
v= EX Y 


where E is the voltage applied to the branched network, and q, the - 
phase angle of the total current with respect to H 


g = tan? 


g 
lagging if 6 is positive, and leading 
if b is negative. 


R, L, 
0 
AL, 
at i 
kz Lie 
Fig. 172 Fia, 173 


Example. Two coils, one of resistance 2 ohms and self-induction 0-015 
henry, the other having a resistance of 1 ohm and aself-induction of 0-08 henry, 
are arranged in parallel on a 100 volt, 50 frequency circuit. Find the magni- 
tudes and phases of the currents flowing in each circuit, and of the resultant 
current flowing through the whole system. (C. and G.) 

This problem can be solved by considering each branch separately, 
calculating the current in each, and then determining their vector 
sum. In order to illustrate the method, the admittance method is 
used in the following calculation. Fig. 173 shows the circuit. 


wo = 2nf; Ry =2; Ly=0-015; reactance X, = L,w = 4:7 ohms. 


100 


Impedance Z, = V 2?+ 4-72 = 5-1 ; current J, = Nie 19-6 amp. 


Power factor of branch 1 = R,/Z, = 2/5:1 = 0:39. 
1 


Conductance g, = a = 0-0765 mho ; Susceptance b, = a 
1 1 
= 0-177 mho. 
Again, . : 
R,=1;L,=0-08; X,= L.w = 25 ohms; Z, = V 25? -+ 1? = 25, 
very approximately. 
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i fs nes hoe tee ed 
I, = prea 4 amp.; power factor of branch 2 Gs 


Conductance g, = oa = 0-0016 mho ; susceptance b, = = 
2 


2 
= 0-04 mho. 
Total conductance g = g, + g, = 0-078 mho. 


Total susceptance 6 = b, + 6b, = 0-217 mho (both susceptances are 
positive in this case). 


Total admittance Y = Vg? + 6? = 0-232 
- Total current I = 100 x 0-232 = 23-2 amp. 


Power factor of whole circuit = 4 = 0-34. 


15. Graphical Solution of a Branched Circuit. Since the impe- 
dance triangle is right-angled, the locus of its apex is a circle on 
the base Z as diameter. Draw 
a base AB (Fig. 174) to repre- 
sent to scale the applied voltage 
HE, and on it describe a semi- 
circle. Draw a chord AC 
inclined at an angle gy, to AB, 
where gy, = tan? X,/R,. Join 
CB. Then AC and CB measured 
on the voltage scale give the 
resistance and reactance drops 
respectively in branch 1. 

Now the current in any 
branch is equal to the resistance 
drop divided by the resistance, and it is also in phase with this 
drop. Hence, to obtain I,, divide AC (in volts) by R,, and mark 
off AH to represent J, thus found. 

Similarly obtain AF, the current J, in the second branch, the 
triangle ADB being the voltage drop triangle for this branch. 
Then AG, the resultant of AH and AF, gives the total current J. 
If there are more than two branches, then the individual branch 
currents are all found separately as above, the resultant of all of 
them being the total current. 

Now triangle AHB is the drop of volts triangle for the whole 
branched circuit, so that the side AH in phase with J is the resistance 
drop, and HB, the reactance drop. Hence, if AH and HB are each 
measured on the voltage scale and divided by J, the equivalent 
single resistance R and reactance X are obtained. 
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_ 16. Resonance in a Branched Circuit. Consider a circuit con- 
sisting of #, L, and C in parallel, as shown in Fig. 175. 


Impedance of branch 1, Z, = R 


Conductance of branch 1, g, = ae hemes Ke 
Zp 
Susceptance of branch 1, b, = O 
Impedance of branch 2, Z, = Lw Cc 
Conductance of branch 2,9, = O HG, 218 
Susceptance of branch 2,5, = Lo _ 1 
Ate ad a, 
Impedance of branch 3, Z, = ad 
Co 
Conductance of branch 3, 9g, = O 
1 
Susceptance of branch 3,6, = — =-Cw 
3 
“, Total conductance 9 =9+92+93 
Se 
R 
Total susceptance b = b,+6,+), (algebraic sum) 
1 
=—-C 
too 
2 
~, Total admittance Y= V9? -{- B—/2 ab (A ES cw) 
R? Lo 
mhos. 
.. Total current De me HY, 


Phase angle of total current with respect to applied voltage 
g= tan? 2 = tan! R (a - Cw) 
g Lw 


From these equations we see that the total current is a minimum 
when 1/Zm is equal to Cw, and the current is then in phase with 
the applied voltage. 
If the circuit contains L and C only in parallel, but no resistance 
branch, then total current 
[= 8 ( ag co) 


Lo 
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so that, if 1/ZLw@ is equal to Cw, I will be zero. But the branch 
currents will be finite, namely H/L@ and HCw respectively. This 
apparent anomaly is explained by the fact that the two branch 
currents are exactly equal and are opposite in phase, their vector 
sum, which gives the total current, being therefore zero. 

This phenomenon is called “current resonance ” to distinguish 
it from the voltage resonance which takes place in series circuits. 
The condition for current resonance is the equality of inductive and 
capacity susceptances, namely, 

1 
y LC 
This is also the condition for voltage resonance in a series circuit. 
Current resonance does not produce a dangerous rise in pressure. 

A useful hydraulic analogy of current resonance is shown in 
Fig. 176. A branched pipe has an elastic membrane across one 
branch and a column of 
mercury in the other. The 
elastic membrane possesses 
elasticity only, but no inertia, 


l/Lo = Cw or w= 


Membrane 


Tia. 176 Fie. 177 


and it therefore corresponds to the condenser branch. The mercury 
possesses inertia only and corresponds to the inductive branch. It 
is possible for an alternating current of water to exist in the circular 
tube as a whole since this closed system will have a natural period 
of oscillation of itsown. This alternating current can exist when the 
water in the main pipe is stationary, a condition which corresponds 
with the branched circuit when current resonance takes place. 

In Fig. 177 the characteristics of the circuit containing Z and C 
in parallel are plotted against frequency, the applied voltage being 
assumed constant. 


1 
Lo 2nLf 
rectangular hyperbola in the first quadrant. 


Inductive susceptance = and is represented by a 
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Capacity susceptance = - Cw = -27Cf, and is represented by 
a straight line through the origin. 

The total susceptance is the sum of these two, and the curve is 
a hyperbola which crosses the frequency axis. The total admit- ~ 
tance is equal to the susceptance since there is zero conductance. 
We see that for one particular frequency the admittance is zero, 
and therefore, the total current at this frequency is zero. 

Since the applied voltage is constant, the curves of inductive 
susceptance, capacity susceptance, and admittance represent to 
scale the inductive, capacity, and total currents respectively. 

For frequencies below that which makes the admittance zero, 
the inductive susceptance predominates and the total current is 
lagging. For greater frequencies the capacity susceptance predomin- 
ates, so that the total current leads the applied voltage. 

17. Circuit with Mutual Inductance. Since the magnetic field set 
up by any appliance may extend throughout a considerable space, 
it is inevitable that there must be many cases where’ the flux pro- 
duced by one part of a circuit links with the windings in another 
part of the circuit. Thus changes in current in one part will be 
associated with induced E.M.F.’s, in the other part. If MU is the 
coefficient of mutual induction in henries and J, is the current in 
coil 1, then the mutually induced E.M.F. in coil 2 is given by 


As a simple numerical example, take the following: a coil carrying 
a current of 5 amp. (R.M.S.) at frequency 50 is adjacent to a second 
coil of resistance 20 ohms and inductance, 1 henry. If the mutual 
inductance is 0-5 henry, calculate the current in the second coil if 
its circuit is closed. 


ty aa (Li) maz sin wt 


sg 5 | mos sin ot} x M 
= (I,)maz @ cos wt X M 
. (Ly) max = Mol) maz 
J. Hy = Mol, si 
= 5 X 227 X 50 x 5 
= 78:5 volts 


™ 4/202 + (1 x 314)? 
= 0-25 amp. 


9—(T.5432) 
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The following additional example is taken from a London Uni- 
versity examination paper. 

Example. Two coils, with terminals 7,7, and 7',7', respectively, are Blncsa 
side by side. Measured separately, the inductance of the first coil is 1,200 
microhenries, and that of the second coil is 800 microhenries. When 7’, is 
joined to 7’, the inductance between 7’, and 7’, is 2,500 microhenries. What 
is the mutual inductance between the two coils, and what would be the 
inductance between 7’, and 7’; with J, joined to T,? 

Let Z, and L, be the two self-inductances and UM the mutual 
inductance, Fig. 178. Then, when the combination carries a current 
2, we have 


~ =o zr 
“7 yak bas ~a 
Ug ete se 
Ai ae ae 5, 
pias, “A AEE SS 
T; tz T Z 
Fie. 178 
; : : di 
Self induced E.M.F. in coil 1 =-I, a 


Mutually induced E.M.F. in coil 1 di 
due to change of current in coil2) ~ + M a 


Self induced #.M.F. in coil 2 = — f, 


Mutually induced E.M.F. in coil 2 
due to change of current in coill} ~ + iM 


The - sign is given to M = when self and mutual fluxes are in the 


same direction, and the + sign when they are in opposition. 
*, Total induced E.M.F. in the circuit 


di 
= (Ly + 2M + Dy) S 
*, Equivalent self induction of the whole circuit 
=m4+2M4+ 2, 


the + sign now being. taken when self and mutual fluxes are in the 
same direction, and vice versa. 


Since the total of 2,500 > (1,200 + 800) we have 
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1,200 + 2M + 800 = 2,500 


*, M = 250 microhenries. 


Hence, when the connections of coil 2 are reversed, total equivalent 
self induction 


= 1,200 -2 x 250 + 800 
= 1,500 microhenries. 


18. The Symbolic Method. When 
a number of forces acting at a point 
have to be combined into a single 
resultant, one method of determining 
this resultant is to resolve all the 
forces into two directions at right 
angles. The resultant is then the 
square root of the sum of the squares 
of the total OX and OY components. 
We have already seen that alter- 
nating current problems can be : 
solved by this manner. Thus im- Fie. 179 
pedance has two components, re- 
sistance and reactance, and if there are a number of impedances in 
series the total impedance is given by 


Z = [{2(R)}? + §2(X)} 8 


Similarly, if there are a number of admittances in parallel the total 
admittance is given by 


Y =[{2@)}? + {20)}7H 


A more generally applicable method is to express a vector in terms 
of two components at right angles in the following manner. In 
Fig. 179, a vector of length z is resolved into two components x and y 
at right angles. In the symbolic notation the length of the vector 
is expressed in the form 


z= ut jy 
where j=v-l. 


The quantity j, although an imaginary quantity, is here used to 
indicate a real operation, namely, that of rotating a vector in a 
counter-clockwise direction through 90°, and the appearance of the 
operator j in front of the component y means that this component 
is leading the x component by 90°. The operator j? in front of a 
vector, e.g. 72a, means that the a vector is 90° ahead of y, and 
therefore 180° ahead of x. Similarly if the operator is 7%, e.g. 7%), 
the vector 6 will be 270° ahead of x. If the operator is j* the vector 
operated on will be in phase with 2. 
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Hence we have, for any vector z, 


for -z 
je = - je 
ge = 2 


Again, from the diagram 
x = 2008 0, and y = z sin 0 
2 = zcos 6 + jzsin 0 
This is commonly written in an abbreviated form 
z= 2/0 
It can also be written in the form 
z = zei0 


the proof being as follows 


i) (Gaye agoy 
gi 1+j0 + 7-5 +7 9.3t+°°: 
6 908 
lat Esq ng eager 
6? 908 
jo == 
and ei =] -j0- je ty est = 
Adding (1) and (2) and dividing by 2 
ei) 4 i 0 64 
ee Mn BE 
= cos 0 
Subtracting (1) and (2) and dividing by 2j 
iO — gi 8 93 65 
2) 2s Ik 258: cal opemenoe 
= sin 0 
Ogi, 
Sill = jsind . 


Adding (3) and (5) we haye 
ei — cos 0 + j sin 0 
whence 
z /0 = zcos 6 + jzsin 0 =z. ei? 


(2) 


(3) 
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In the case of an impedance Z made up of ohmic resistance R in 
series with reactance X, we have 


Z=R+ jX = Zeib 


where 6 = arc tan = 


The admittance can be expressed symbolically in the following 
manner 


1 
Yag 
1 1 
Y=—-= ; 
; Z R+g5xX 
Nipiee. inert. Seeeee 
— (R+jX) (R-jX) 
R : x 
“Rees EE 
== 9-3-0 


Y=g-jb= Ye —Y |-6,0rY\6 


We will now consider several applications of the method to 
ordinary alternating current calculations. 

(a) Tue Resuttant oF A Numper or ALTERNATING E.M.F.s 
ALL ACTING AT THE SAME TIME IN A GIVEN Circuit. Suppose there 
are two E.M.F'.s represented by 

e, = H, sin wt, and e, = H, sin (wt + ¢) 
Then taking H, as the reference vector, we have 

B, = EB, + 5.0 
and EH, = H,cosy +79. H,8ing 

i B = EB, + By = (By + By cos y) + j. Bz sin p 

Writing E=X+j.Y, we have 
and Y = £, sin g, thus giving 

E = {(H, + H, cos gp) + H,? sin? pit 
and tan 0 = Y _ _ Hasing ~ 
X ,+ #,cosp 


(6) Stmetz Serres Cracuir. Fig. 180 shows a circuit consisting 
of two inductive resistances in series with one another, the resistances 
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and reactances 5 and 6, 3 and 7 respectively. A sinusoidal P.D. 
of effective value 200 is applied to the combination. Calculate the 
current and power factor, and the voltage drops along the two coils. 
The expression for impedance in symbolic notation is 
= R+5X 
i Z=(6+3)+j6 +7) =8+4j13 
Put EF = 200+ 79.0 


200 (8 - 713) 200 (8-J13) gee atias 
= 8 Ly se fs) 


I = V(6-88) + (11-15)? = 13-2 amp. 


Fie. 180 


This is the effective value since we used the effective value of 200 
for the applied P.D. Again, the minus sign in the expression for J 
shows that the current lags behind Z, the angle, ~, being 
11-15 rahe 
ey 58° 16 
and P.F. = cos y = -524 

Again, for the voltage drops, we have 

E, = IZ, = (688 ~j 11-18) (5 + j .6) 
= (101-3 -7 . 14-47) 

a) BE, = V (101-32 + (14-47 = 102:5 volts 

its phase angle with respect to # being 
— 14:47 


9%, = arc tan org = are tan — -1429 = - 8° 13 


gy = are tan 


Similarly 
Hy = 12, = (6-88 —j . 11-15) (3 + 9.7) 
= 98-7 + 95.145 
Ey = V (98-7)? + (14:52 = 99-7 volts 
its phase angle with respect to H being 


Y_ = are tan = = arc tan :147] = + 8° 14’ 
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We have also as a check 
H=Hf,+ #, 
= (101-3 - 9 . 14-47) + (98-7 + 7 . 14:5) 
= 200 + 7:0 
(c) A DivipEp Crrcurr. When making calculations on a divided 
circuit it is often convenient to reduce the circuit to the equivalent 
series circuit containing resistance and reactance. Thus let the 
symbolic impedances of the individual branches be (R, + jX,), 


Ry=10 Xj=6-28 


R3=15S X3=15-7 


R2=20 Xg=-31-9 
Fia. 181 
(R, + jX,), (R; + 7X;), etc., and the impedance of the whole 
besnthed circuit be (Rk + 7X). Then, since 
T= Ltdat nce 
AR Rp aaet ili ar Bas, 
RIX Ri tjk, Bik, Bete 
Dividing throughout by H# and rationalizing, we have 
as Bae Po piel od Mg ed ae gh Mie aint DE 
4 — R4+x2+ RepKe + RATS es 
Equating real and imaginary parts, we have 
ee pee er ee cit snipe 
Rx? Retxet Retx, Tt Rete? ees 
and 
x xy Xs Xs 
R+x2~— = Riixe + wet xe t RAL K,? 
In other words 
9h + Ie Sees 
and. b6=6,+6,+6,+... 
the results thus being identical with those obtained by the admit- 
tance method. 

As a numerical example consider the following circuit. A resis- 
tance of 10 ohms is in series with an inductive reactance of 6-28, 
and the cambination is parallel with a circuit consisting of a resis- 
tance of 20 ohms in series wi'h a capacity of 100m.f. The above 
branched circuit is in series with a resistance of 15 ohms and an 


inductive reactance 15-7 ohms, Fig. 181. Calculate the equivalent 
resistance, reactance, and impedance of the whole circuit. 


ae 
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The reactance of the condenser, assuming a 50-cycle supply, is 


= Perea a ihitis 
3140 = ~314 x 100 > 


The circuit is, therefore, as shown in Fig. 181. 
For branch 1 


ee 10 : 6-28 
71 = 7092 - 6-282 7° 10? + 6-282 
For branch 2 
#20 20 eer ee 
r2= 907 1 31-92 2°90? + 31-92 
For the branched portion, we thus have 
Vy. = (0718 + -0141) — 7(-045 — -0225) 
= -0859-j x -0225 
0859 
2 08592 + -02252 


0225 , Ae 
and Xj... = 038592 00958 — 2-86 and is positive 


= 0718-j x 045 


0141 +7 x -0225 


Bs R, => 10°87 


Hence, for the whole circuit, we have 
R= Ry..+ Rk, = 1087+ 15 = 25-87 ohms 
X = X,.. + X, = 2:86 + 15-7 = 18-56 
Z = (25-872 + 18-562) == S18 *.,, 
In order to determine the manner in which a current divides 
between two parallel branches, we have the two equations 


” 


PTs 
and hh bow Ze 
I, 4y 
These give 

I Zs 

IO 44+, 
Sig Ry ee 
(By + Bg) + 5(X,+ X9) 

i R2+ X,? t 

hi l maR TEE 


and similarly 
I, Rj? + X,? i 
DES foes ken con 
(d) ALTERNATING CURRENT Bripce Networks. Consider first of 
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all a simple network such as that shown in Fig. 182. The condition 
for a balance with direct current is 

Rk, &R; 

Ri” Ry 
The condition for a balance with alternating current is 


.. RR, + jX,R, = RAR, + jX,R, 
Equating real and imaginary parts, we have 


fy _ 
Seg ede 
as for direct current 
x R 
and age ay a 
Xs 4 
Rk, hk, ‘ XxX, 
Hence R, = R, = ay 


As a more complicated bridge network take the case of the Wien 
bridge shown in Fig. 183*. This consists of two non-inductive arms 


Leiate oadsiom 0i. 2 


Fig. 182. Smurpte A.C. BripaE 
NETWORK 


Fre. 183. Wien A.C. 
BripaE 

R, and R,, a shunted condenser for arm 2, and a condenser in series, 

with a non-inductive resistance for arm 4. First of all reduce arm 2 

to an equivalent series circuit of resistance R, and reactance 2; 


we then have 


R, 1 
Per ahs een Bk Fogo eh 
oer wo eke 
1 
and for arm 4 f= = oC, 


* See Hague, A.C. Bridge Measurements (Pitman). 
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The condition for a balance is thus 


hy ook enctleo tee 
R, it + oC Ry ‘oC. (1 + oaEs) 
Ry ae 
Ryt+j. AS) 
Equating real and imaginary parts, as before, this gives 
RR, oe RR, 


1+ 0°0/7R,? 
Ry OC RR 
oO pee nO 
This particular network is used for the determination of R,, without 


the necessity for the determination of y,, hence if p, is eliminated 
in the usual manner, we have 


and. 


1+a°CZR/ 
wh RAC 4? 
(e) CALCULATION OF PowER. We have 
H = E(cosa + 7 sina) 
and I = I(cos B + j sin f) 
(a — B) being the phase difference between EH and I. 
Multiplying these, we have 
EI = EI} (cosa cos f -sina sin £) + j(sina cos B + cos asin £)} 
= EI {cos (a + B) + J sin (a + B)} 
The real part of this is HJ cos (a + f£), and this obviously is not 
the power in the circuit, since this should be HJ cos(a—f). In 
addition, the imaginary part is HJ sin (a + f), and this also is not 
the correct expression for the reactance power. Hence, when calcu- 
lating power by the symbolic method, it is necessary to reverse the 


real part of either H or J. Thus, if we leave # as written above, 
but write ; 


I = I(cos B —j sin B) 
then EI = EI}cos (a- 6) + j sin (a-B)} 
The real term is the mean power, but the imaginary term has no 
physical meaning. 

Alternatively we can write the voltage and current in the form 

HE = Hea; J = TeiB 
Reversing the sign of 8, we have 

Ra igit : 

EI, = Eli(a-P) 
= EI}cos (a - 6) + j sin (a B)} 
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as before. The vector obtained by reversing the real part of an 
original vector is sometimes referred to as the conjugate of the 
original vector. 


EXAMPLES ON CHAPTER XIV. 


(1) An alternating current of frequency 50 has a maximum value of 
100 amp. Calculate (a) its value 1/600th second after the instant the current 
is zero; (6) in how many seconds after the zero value will the current attain 
the value of 86-6 amp. ? 

Ans.—(a) 50 amp. ; (b) s4 5th sec. 


(2) Two currents represented by 7, = 50 sin wt and 7, = 100 sin (a + 3) 


are led into a common conductor. Find an expression for the total current 
in the form i= J, sin (wt+ 9). If the conductor has a resistance of 
10 ohms, calculate the number of calories produced in 20 min. 


Ans.—28 x 10° calories. 


(3) Three voltages, represented by e, = 20sin wi, e, = 30sin (w - : ‘s and 


e,; = 40 cos (ot- z=) act together in a circuit. Find an expression for the 


resulting voltage. 
Ans.— Emax = 62-6, 


(4) A wooden ring of mean circumference 50 cm. and a circular section of 
3 cm. diameter is uniformly wound with 400 turns of 1 mm. copper wire. 
Calculate its resistance, inductance, and impedance at frequency 100. Take 
the specific resistance of copper to be 1-7 x 10-° ohms per cm. cube, 


Anse.—(a) 0:82; (b) 2-85 x 10-*; (c) 0-83. 


(5) The air gap under the pole of a series motor is 0-06 in. in length, and 
the effective area is 80 sq.in. Thore are 5 turns of cable round the pole, 
having a resistance of 0:0050hm. Assuming that the reluctance of the 
iron parts of the magnetic circuit is one-fifth of the reluctance of the air gap, 
calculate the voltage drop in a series coil when 150 amp. R.M.S. at 25 cycles 
per sec, are passing through it. (C, and G.) 

Ans.—21 volts. 


(6) A condenser and an inductive conductor are placed in series across 
alternate current mains, whose voltage is kept constant while the frequency 
is varied. Show by means of a curve how the current varies with the 
frequency. What determines the maximum value reached by the current ? 
If this maximum occurs at a frequency of 20, and if the condenser has a 
capacity of 50 microfarads, what is the value of the inductance? If the 
voltage of the mains contains a pronounced third harmonic, how will the 
curve connecting current with frequency be affected ? (London Univ., 1916.) 


Ans.—1-27 henries. 


(7) An alternate current circuit includes two sections AB and BC in 
series. The section AB consists of two branches in parallel. The first of 
these is formed of a non-inductive resistance of 60 ohms in series with a 
condenser of 50 microfarads, while the second consists of a resistance of 
60 ohms having an inductance of 250 millihenries. The section BC consists 
of a resistance of 100 ohms having an inductance of 300 millihenries, The 
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frequency of the current is 50 cycles per sec. The voltage across the section 
AB is 500. What is the voltage across the section BC? (London Univ., 


1914.) 
Ans.—960. 


(8) An air-cored choking coil is subjected to an alternating voltage of 100. 
The current taken is 0:1 amp., and the power factor 0-2, when the frequency 
of the current is 50. Find the capacity of a condenser which, if placed in 
parallel with the coil, will cause the main current to be a minimum. What 
will be the impedance of this parallel combination (a) for currents of frequency 
50, and (6) for currents of frequency 40 ? (London Univ., 1914.) 


Ans.—3-1 micro-farads. (a) 5,000 ohms; (b) 1940 ohms. 


(9) A choke coil of negligible resistance connected across a 500 volt 
50 cycle circuit takes 1 amp. at 0-8 power factor. What capacity must be 
placed in parallel with it in order to make the power factor of the combination 
equal to unity ? (London Univ., 1921.) : 

Ans.—3-82 m.f.s. 


(10) A coil having a resistance of 5 ohms and an inductance of -02 henry 
is arranged in parallel with another coil with a resistance of 1 ohm, and an 
inductance of -08 henry. Calculate the current flowing through each coil 
when a pressure of 100 volts at 50 cycles is applied to them. Find the total 
current passing, and estimate the resistance and inductance of a single coil 
which will take the same current at the same power factor. (London 
Univ., 1922.) 

Ans.—12:-5, 3-97, and 15-9 amps. ; 3-2 ohms. and :0175 henry. 


(11) A transmission line 40 miles long consists of two wires each -46 in 
diameter, spaced 5ft. If the conductors are short-circuited at the far end 
what voltage at frequency 25 must be applied to produce a current of 
200 amp. in the loop so formed ? 

Ans.—6140 volts. 


CHAPTER XIV 
POLYPHASE CURRENTS 


1. General Principles. Up to the present the alternating current 
systems we have considered have possessed only one electrical 
circuit, as in the case of two-wire direct current circuits. In 
alternating current working it is possible to use two, three, or more 
individual circuits in the same apparatus or machine. The voltages 
and frequencies in the individual circuits are the same, but they 
have definite phase differences, the amounts of these differences 
depending on the number of circuits or “ phases.” The complication 
involved is only small, but the advantages of polyphase over single 
phase working are enormous. They may be summed up as follows— 


(a) For a given sized frame a polyphase generator or motor has 
a bigger output than a single phase. 

(6)°To transmit a given amount of power at a given voltage 
over a given distance, a polyphase transmission line requires less 
copper than a single phase line. 

(c) Polyphase motors 
have an_ absolutely 
uniform torque, whereas 
single phase motors 
(except commutator 
motors) have a pulsa- 
ting torque. 

(d) Single phase 
motors (except com- 
mutator motors) are 
not self-starting. Poly- 
phase motors are self- 


Semper Fra. 184 


(e) The pulsating RELATION oF OurTPpuT TO NUMBER 
nature of the armature Gy Pulsns 


reaction in single phase 

alternators causes difficulty with parallel running unless the 
poles are fitted with exceedingly heavy dampers. Polyphase 
generators work in parallel without difficulty. 


2. Relation of Output to Number of Phases. Imagine an armature 
with a uniformly distributed winding, and consider that portion 
of the winding lying in one pole pitch (Fig. 184). The points A 
and B are 180 electrical degrees apart, and therefore, the phase 
difference in the E.M.F.s induced in the conductors at A and B 
is 180°. Also, the change of phase from A to B is uniform, and 
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the vector polygon for a large number of conductors is a semicircle, 
as shown. Jor a given winding the maximum allowable current 7 
is fixed. 


(a) Stnats PHAss. All the winding is utilized and therefore the 
terminal voltage is the closing side of the whole polygon, that is, 
the diameter. Let this be H,; then output W, = HI. 

(6) Two Puasz. Each phase contains half the winding, and the 
closing sides for the two phases are the vectors AC and CB. Let 
these be Fp. 


H 
“. Total output, W, = 2H,I = 2 ae I 


= V2 W,. 


Thus the output of the same frame when used two phase is 41°4 per 
cent greater than the single-phase output. 


(c) TuHRuz Puase. The closing sides for the three phases are 
AD, DF, and FB. Calling these #3, we have H, = 4H,. Hence, 
total output 


W; = 3H,1 = 15H,1 = 1-5W,. 
The increase in output in this case is therefore 50 per cent. 


d) “‘m” Pass, where m is a large number. 
4 


If the individual phase voltage is H,,, then 


m.H,, = circumference of semicircle = — # 


aid 
2 
.. Output W,, = mE,,] 


=F al = 157W, 


The increase in output is therefore 57 per cent, and this is the 
maximum possible increase. Since it is only 7 per cent greater than 
the three-phase output the increase does not justify the extra 
complication, and it is only in exceptional cases that more than 
three phases are used. 

3. Two-phase Working. The armature has two distinct windings 
arranged so that there is a phase difference of 90° in the E.M.F.s 
induced in them. The alternator can be connected to the receiving 
apparatus by either four or three conductors, as in Fig. 185, the 
circuit with four conductors being the same as two independent 
single phase circuits. 

Let # and I refer to line voltage and current, and H, and J, 


* 
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refer to phase voltage and current. Then obviously in the four wire 
case, 
E = E, and I= I,. 
{In the three wire case the outers carry current I, = I,, and the volt- 
ages between outers and middie wire are = H,. The middle wire 
carries the resultant of the currents J in the two outers, and since 
these are 90° apart, the current in the middle wire is V2I. Similarly 
the voltage between the two outers is V2 HZ. In both four and three 
wire systems, the power 
W = 2EI cos 

where @ is the phase of J with respect to Z. 

4. Three-phase Working. The individual phases can be con- 
nected either in star (A), or in mesh or delta (A), as shown in 


Fie. 185 Fia. 186 
Two-PHASE WORKING THREE-PHASE WORKING 


Fig. 186. The E.M.F.s in the individual phases have a mutual 
phase difference of 120°. 

Consider first the mesh connection. The line voltages H are 
obviously equal to the phase voltages H,. The line currents are 
the vector differences of the two phase currents fed into a given 
line. Thisis easily understood by replacing the ordinary three wire 
arrangement by asix wire, the three phases being thus independent. 
This is shown in Fig. 187. Since each line wire in the actual circuit 
carries the currents flowing in a pair of wires in the six wire 
arrangement, it follows that to obtain the line current the difference 
and not the sum of the phase currents must be taken. The phase 
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difference of ,J, and ,/, reversed is 60°. Hence, in the case of a 
current balance, that is, 


tig = aly = gly = 15, Bay, WE Have 


I = V31,. 
Power W= 3,1, cos p 
= V3 EI cos 


In the star connected arrangement the line currents are obviously 
equal to the phase currents. The voltage H between any pair of 
lines is the vector difference of the voltages in the two phases 
supplying that pair. The phase difference between the voltage in 
one phase and the reversed voltage in the next phase is 60°, so 
that HE = V3 £,. 

Hence, W= 32,1, cos p = V3 EI cos 


as in the case of the mesh connection. 

If a middle wire is connected to the junction of the three phases, 
called the “ star’ point, the current in this wire will be the vector 
sum of the three line cur- 
rents, as can be seen by 
considering the three phases 
separated, as in Fig. 188. 
If the system is balanced, 


Fie. 187 Fie. 188 
EquivaLent Maso ConNECTION EQvuivaLent Star CoNNEOTION 


i.e. the three line currents equal and having the same phase angle 
with their respective phase voltages, then the line current vectors 
will be equal and will have a mutual phase difference of 120°. 
Hence, their vector sum is zero The current in the neutral wire 
of a balanced star-connected system is therefore zero, for which 
reason the neutral wire is generally omitted. 


Example. A 100 h.p. three-phase star-connected motor works on a supply 
whose line voltage is 3,000. The motor efficiency is 92 per cent, and power 
factor, 90 per cent. Calculate the line current. 
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Motor intake W = Output _ 746 x 100 


efficiency —-92 
= 81,000 watts 
*, From W = V3 EI cos 
we Wie sated 81,000 
— V3Ecosp V3 x 3,000 x -9 
= 17-3 amp. 


Fia. 189 
MEASUREMENT OF POWER 


5. Measurement of Power in Three-phase Circuits. (a) THREE- 
WATTMETER Metuop. The wattmeters are arranged one in each 
phase as in Fig. 189, the total power being the sum of the three 
readings. This method is only used in special cases. If the star 
point is not available when the alternator is star-connected, an 
“ artificial star’ can be made by connecting three high resistances 
in star to the three line conductors. 

(6) Two-watrmeTeR Metuop. Consider the instantaneous 
values of the currents and voltages (Fig. 190). Since all three 
currents meet at the star point, ; Ww. 
the sum of their instantaneous L, mn 
values is zero, whether the system 
is balanced or not. 

4, +4, +1, = 0. c 
The instantaneous total power 43 
is the sum of the instantaneous 
powers in the three phases 
W = Cyty + lot + egg. i 
Now the current 7, does not = 
flow through either of the watt- Fie. 190 


meter current coils, hence we can Two-waTTMETER METHOD OF 
eliminate it Mzasurina PowrRr 


We have 
tg = — (4, + Js). 
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And substituting this in the equation for w, we have 
WwW = ey ty + eg ig—e, (iy + ty) = ty (C1 -— eg) + ts (C3 - ee) 
Now (e,- @,) is the instantencous voltage across the pressure coil 


of wattmeter W,, and (e,—-€,) is the instantaneous voltage across 
the pressure coil of W.. 


‘. w = (instantaneous power through W,) + (instantaneous 
power through W,.) 


.. Total average power 
W = av. power through W, + av. power through W, 
= algebraic sum of the wattmeter readings. 
This is the most important method of measuring power in a 


three phase circuit, since only two wattmeters are required, and the 
method applies whether the system is balanced or not. 


Fia. 191 
MEASUREMENT OF POWER IN A BALANCED SysTEM 


(c) Onn-waTtmETER Mrruop. This method can only be used 
when the system is balanced. The current coil is connected in one 
line, as in Fig. 191, the pressure coil being connected alternately 
between this and the other two lines, and the readings taken. In 
each case the wattmeter is connected exactly like one of the watt- 
meters in the two-wattmeter method, and therefore, the analysis 
following applies equally well to the two-wattmeter method when 
used on a balanced circuit. The current J through the wattmeter 
current coil is the vector difference of ,J, and ,J,, ie. the vector 
sum of ,],, and J, reversed, as shown in the vector diagram. In 
this diagram the phase currents are shown lagging behind the 
phase voltages at an angle @, cos m therefore being the power factor 
of the load. ; 

i 2 Vewe 
where J, is the numerical value of each of the phase currents. 
When the wattmeter is connected to the point P, the pressure 
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across it is ,H,, the phase difference between this pressure and / 
being (30°-q). Hence, if W, is the reading, 
W, = ,#,I cos (30- ¢) 
= V3 EI, cos (30 - ¢) 

where # is the numerical value of each of the line or phase voltages. 

When the pressure coil is disconnected from P and connected 
to Q the phase relation between the current and pressure in it is 
that between I and ,H, reversed, because to preserve a true cyclic 
rotation, the pressure coil should have the end previously at P 
connected to A, and the end at A connected to Q, the reverse of 
what is actually done. The phase angle between J and -H, reversed 
is (30° + ~). Hence, if W, is the new reading, 


W, = H,I cos (30 + ¢) 


Hence, = V3 EI, cos (30 + Y) 
W,+ W,= 341, cos y = total power. 
Again, 
1-W,= V3 EI, sing 
W,- VW. 1 
a 
We. va 
W,-W 
t = V3 x 74+ 2 
or an @ W.iW, 


In this way the phase angle of the load current, and therefore, the 
power factor, can be calculated. 

For the second reading the phase angle in the wattmeter is 
(30 + ~); hence 

(a.) If y = 0 both readings will be the same. 


(b.) If » < 60° the second reading will be positive and the total 
power will be the sum of the readings. 


(c.) If m = 60° the second reading will be zero. 


(d.) If p > 60° the angle (30 + ¢) will be > 90° and the second 
reading will be negative. In this case the total power is the 
difference of the two readings. 

It must be noted that the one-wattmeter method is only a special 
case of the two-wattmeter method, and the relationships deduced 
for it also apply to the two-wattmeter method when the system is 
balanced. 

6. Corrections to be Applied to Wattmeter Readings. Suppose 
that a wattmeter W is measuring the power in a circuit AB, Fig. 192. 
Then it is usual to connect the pressure coil across AB. If 1 is the 
- instantaneous current in AB, and 7, the instantaneous current in the 
pressure coil, (7 + 7,) is the instantaneous current in the current 


coil. 
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“, Torque at any instant, which is proportional to the product 
of the instantaneous currents in the pressure and current coils, 
is proportional to 7,(¢ + 24). 

Now the current in the pressure coil is equal at any instant to 
e/R, since we can apply the ordinary Ohm’s Law equation when 
dealing with instantaneous values. 


: et, e& 
.. Instantaneous torque oc ($ + “| 
oc (e¢ + e2;) 
., Reading, which o average torque 
oc average (of et) + average (of e2,) 


oc average power in 4B + average 
power in pressure coil 


——4 1005002 F— Bir apie O-b- R 
k-9—> 


Fie. 192 Fie. 193 
WATTMETER CORRECTIONS 


A correction for the power used in the pressure coil has therefore 
to be applied. In standard wattmeters this correction is applied 
automatically by means of a compensating coil. This is a small 
coil placed with its axis along the axis of the current coil, and having 
the same number of turns as the current coil, but connected in 
series with the pressure coil. It is arranged so that its ampere-turns 
neutralize the extra ampere-turns in the current coil due to the 
current 1,. 

When the current in the circuit AB is very small the pressure 
coil of the wattmeter is sometimes connected to the points A 
and CO (Fig. 192). In this case the wattmeter reading 


= power in AB + power in current coil. 


In addition to the above corrections, it is necessary to apply a 
second correction when the wattmeter is working on a circuit 
whose power factor is less than unity. 


Let 0 = angle of lag in the main circuit 
g = angle of lag of current in the pressure coil behind the 
pressure across it 
1 == instantaneous value of main current 


1, = instantaneous current in pressure coil. 
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Then from the phase relations shown in Fig. 193, in which the 
current 7, is represented by the dotted wave, we see that if 
t = Inge Sin wt; then ty = Img 8in (wt + 0- —) 
.. Wattmeter reading oc average torque 
o average of 17, 

oc average Of Imax Iimazx X $ [cos (0—@) —cos {2at + (0-¢)}] 
Now the average of cos {2wt + (0 - p)} is zero, because it is a 
periodic quantity. 


has man 


Readin ; : ~ 
a SONG Ve 08 G Q) 


OL y5y. Ty 77 008 (0 - —) 


OCT od pe OX cos (0 - g) 


eff 
VR? + (Lo)? 


where F and J are the resistance and inductance of the pressure coil. 


f 1 
Lay Heyy X BE - (Loy x Ros (0-@) 
oc. I, y,H 4,008 y cos (0 - g) 


omitting Z because it is constant. 


But true reading should be proportional to I,,, H,,, cos 6 
true reading 


.. Correeting factor = —————_ 2 
: actual reading 


2s cos 0 

cos y cos (0-@) 
ae LE BALD 

1 + tan 6 tan 

In a standard instrument, py should not be greater than 5’ or 10’. 
In a switchboard instrument, especially if used with instrument 
transformers, g may be as high as 5° or 10°. 


Example. A wattmeter is measuring the power supplied to a circuit whose 
power factor is 0-7. The frequency is 50. The meter has a shunt winding 
whose self induction is 0:4 henry, and resistance, 1,000 ohms, Calculate its 
percentage error. 


Power factor of load cos6 = 0-7 .*, tan 0 = 1-03 approx. 
Low 0-4 x 314_ 


or 


Sei beth gai 1,000 
. 2 
.. Correcting factor = Sn ay approx. 


1 + 1:03 x 0-126 
., Error = 10% 
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We will now show how the symbolic method can be applied to, 
the calculation of the wattmeter correction factor. Let H be the 
voltage applied to the load and to the pressure coil. Then, taking 
the vector of # as the reference vector, we have 


EH = He 
Let I, be the load current, Z, the load impedance, and cos 0 its power 
factor. Then 


I, = Le-#9 
v0) , 
=. 5, erie 
wae g 
Similarly for the shunt circuit of the wattmeter we can write 
EH 
=—_—_, -5ip 
I 2 ee é 


Now the torque on the moving coil is proportional to the product 
of the currents J, and J,, but when using the symbolic method we 
have to use the complement of J,, namely, J,’, where 


iz —- # -€ 1 Ip 
2 
.. Torque, cc real part of J,J,’ 
FR 
(y - 8) 
oc real part of Z Dn é 


Ff? Seas a = 
oc real part of ZL (cos p- 6+ 9 sin gp - @) 
i? : 
ee ZZ, cos (P= 0). 


Now, if the shunt circuit acted like a pure resistance of val ue R, 
g would be zero. The above expression would then reduce to 
2 


2 
i, cos (-—-0) = i cos 0. 
Hence the correcting factor is 
i? HH? a 
Ge cos a) a (az, COS @ — a) 
Z, cos 0 . cos @ 
~~ Ry cos (p— 6) ~ cos y (cos p cos 0 + sin @ sin 6) 


ts 1 sec” p 
~~ cos* g(1 + tan p tan0) ~~ 1+ tan @ tan 0 
1 + tan’p ~ 


1 + tan » tan 6’ 
which is the correction factor obtained previously. 
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7. Polyphase Vector Diagrams. Consider a star connected 
alternator connected to a star connected consuming device. Draw 
three vectors OA, 
OB, and OC to 
represent the phase 
voltages (Fig. 194). 
Then, on joining the 
ends, we obtain 
vectors AB, BC, 
and CA, which give 
the line voltages at 
the alternator ter- 
minals. If the line Fie. 194 
and load are non- THREE-PHASE VECTOR Di1AGRAMS 
inductive, the line 
currents will be in phase with the alternator phase voltages, so 
that the directions of OA, OB, and OC will also give the directions 
of the line currents. Tho drop of volts in a non-inductive line 
will be in phase with the line currents, so that, if we deduct 

lengths AA,, BB,, and 


7-5 CC,, where each length is 

equal to RI, R being the 

{ resistance of each line, then 

Ep OA,, OB,, and OO, are 

| the phase voltages of the 
load, and A,B,, B,C 

lV, ? 11> is 

td Ny man a Ue C,A,, the line voltages at 

Alternator Load the load, 
Fie. 195 Now let the line possess 


resistance R and reactance 
X per phase, and let the load be inductive. The voltage triangle ABC 
for the alternator end is drawn as before, but the line current vectors 
OI,, OI,, and OJ; will lag by equal amounts behind the phase 
voltages OA, OB, and OC. Draw AA, parallel to OJ, and equal 
to RI, where I is the line current. Then AA, is the resistance 
drop in line 1. Draw A,A, perpendicular to OJ, and equal to XJ. 
Then 4,4, is the reactance drop in the line. The total line drop is 
therefore AA,, and the phase voltage of the corresponding phase 
at the load cnd is OA,. Similarly with the other phases. The 
line voltages at the load end are given by the sides A,B,, B,C,, 
and C,A, of the triangle A,B,C,. 

In a symmetrical system, the alternator neutral NV, and the load 
neutral NV, (Fig. 195), will be at the same potential, so that they 
can be considered as joined by a cable of zero resistance and 
reactance. Hence, each phase can be considered separately. Let 
EH, be the phase voltage of the alternator, and Z, the total im- 
pedance of one phase of the whole system, including alternator, line, 
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E 
and load. Then line current J = ie and power factor cos 


= R being the total resistance of one phase of the system. 


8. Calculation of Unbalanced Three-phase Circuits. When making 
calculations on balanced three-phase circuits, as, for example, three- 


Fie. 196 


phase machines working under normal conditions, it is usually the 
best to work in terms of phase voltages and phase currents, and then 
perform the calculation exactly as for a single-phase circuit. With 
unbalanced circuits this is not possible, and the laws of networks 
have to be applied. Consider the star-connected network shown in 
Fig. 196. Take the vector of H,, as the reference vector, and let H 
be the numerical value of each line voltage, then we have 


E,. =H ze 50 
Boo = ~ 5 + §-866H 


Hence, for the circuit ANB, we have . 
E+ 90 = (ry + J) Ty - (12 + 9X2) Le . oy ld} 
For the circuit BNC we have 


<3 + j:866H = (rp + jv) Ig- (13 + Jr's) I : ee) 


We now have to find a third equation which is independent of 
(1) and (2) above, and we therefore cannot use a similar equation 
for the circuit CNA, since the information it would give is already 
contained in (1) and (2). We, therefore, use 


1,+1,+1;=0 : . ° : . . (3) 
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The above equations can be written in the form 


Wat oe) ds =) st ees (Ol tee = 0 
OL, + (a+ fea) La~ (roti) In + (z-F806H) = 0 
qi + I, tc qs -+- 0 =O 
The solution can now be expressed in determinant form as follows 
I, I, 
=Fat jt) O- =2 a 0 = (7, + 3%) 
(rat des) -(rsties) (F-5866B)| |-(rs + 4x.) (F-58060) 0 
1 l 0 1 0 1 
me 1 
i ces (ry + 5s) — (ra + Ja) ~ | (rx + Js) - (ra + 5x2) 0 
(F-F806H) 0 ry + Sy 0 (a+ Je) ~ (ra + Js) 
0 1 1 1 1 1 


Abbreviating this to the form 
-h_ ods eT sgt | 


DED ED gD; 
we will evaluate D,, since this is necessary for the calculation of all 
three currents. On the other hand, it is preferable only to evaluate 
D,, D,, and D, when numerical values are given for the circuit 
constants. We then have 
Dy = (1, + G21) (2 + ja) + (12 + 5&2) (3 + Js) 
+ (13 + 5&5) (ty + 9%) 
Suppose, for example, that 
# = 100 volts R.M.S. 
Y= Lie eife 38 
y= 2y ba. Fs Oy tg == 4 


— (2 + 98) 0 - 100 
Then D, = | (2453) -(3+94)  (50-j86-6) | = - (140-2 + 723-2) 
1 1 0 
0 — 100 1 +92 
D,= | -(3 +54) (50 -J86-6) 0 = — (523-3 + j413-4) 
1 0 1 
- 100 14+ 72 -(2 + 53) 


D,= | (50 — 786-6) 0 (2 + 33) | = — (383 + 7309-8) 
0 ‘ 
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Dy = (1 + §2) (2 +98) + (2 +98) (8 +54) + (3 + 94) (1 +92) 
= (- 15 + j33) 
_ 140-2 4 j723-2 
~ =~ 15 + 533 
= 164-7113 
aes (523-3 + 7413-4) 
cena 15 + 733 
= — 4:52 4 j17-4 
cay 38-3 + 7309-8 
"8°" 15 + 933 
= — 11-85 — 76-12 
I, = 19-8, I, = 180, 1, = 13°3 amp. 
This gives for the power intake of the circuit 
W = 1%,+4+ 1,?r. + [571s 
= 392 + 648 + 530 = 1,570 watts 
But we can also calculate this power symbolically; for example, 
suppose that the power is being measured by the two-wattmeter 
method, as indicated in the figure. Then, remembering that we 
have to use the complement of the current when calculating power, 
we have 
W=W,+W, 
= real part of J,H,, + real part of J,H,, 
with the necessary reversal of sign as explained previously. 
= real part of {(50 + j86-6) (16-4 + j11-3) 
+ (- 50 + j86-6) (- 4:52 - j17-4)} 
= 1,570 watts, as before 
In the case of a mesh-connected system the calculation is much 
simpler, as the voltage across each phase of the load, and the phase 
currents can then be calculated independently of one another. For 
this reason it is often desirable to reduce an unbalanced star- 
connected system to the equivalent mesh-connected system, or 
alternatively, a mesh-connected system can be converted to the 
equivalent star. Let the systems indicated in Fig. 197 be electrically 
equivalent, then the measured impedances between the pairs of 
terminals must be the same for the two loads 


Las (Zoe + Lica) y 
Za» =e Zoo + Lou 
Zy Je Ze ae Zyo (Zea ae Za) i 4 , : (2) 

Q Lav ae Lye a vip 
Z, oe Vip ales Zea (Zar 5 Zoe) . 
Zap ot Lire a VS 


ws Za “1 Ly pe (1) 


(3) 
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These give goLy 
a ~ ab - “ca 


Ss ET ay 

Z, — Zoe J Zap 

Zap cs Ze am re 
Zag G Zoo 


Zap i Zre + Ben 
A 


Cc 


Fie. 197 


Thus, suppose we re-connect the limbs of the previous star- 
connected system into a mesh-connected system. Then 


Yen = 14-32 
Zn = 2+ 53 
Pan =3 “+ 5% 


se igh Zve + Zeq = 6 + j9 
: one aca 2d as wi a . 
. Za = ey ae eee = ‘513 +) 9 
— fe 78) jay . 
Bie 6-79 = ‘333 + 7:666 
i. (Be) ie $3) > a 
Geri oe G0. = 1451-33 
9. The Drop of Volts in a Three-phase Line. We have seen that 
the inductance of the loop formed by a pair of parallel conductors is 


L = 14:8 X 10-4 logy é henrys per mile. 


The inductance of a single conductor in the case of three conductors 
placed at the corners of an equilateral triangle of side dis 4Z. For 
consider the individual phase 


current to be flowing in three A A 
separate loops of a six con- O © © 
ductor line, as in Fig. 198. I WOE ede 
Let the currents in two of 

these loopsbe J, and7,. Then (4 Le@ 
the actual current,J,, flowingin © O Bae banc 
conductor A,is the vectorsum £B C ® @) 
of the currents Z, and I,. IT 


Again, the third loop is directly Fie. 198 
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opposite to the conductor A, so that the flux produced by it 
will not link with A, and therefore will not induce a voltage 
in A. It is thus not necessary to consider the third loop 
when calculating the inductance of A, and the E.M.F. induced 
in A is due to the current J, in B and I, in C. The E.M.F. 


induced in both conductors of loop 1 is ee Hence, E.M.F. 
diy 


dt 
Similarly, the E.M.F. induced in conductor A by the current I, 


induced in one conductor only of loop 1, say conductor A, is $i —+ 


in loop 2 is ls _ 


. Total eee induced in conductor A 


dt aa 


Hence, 4 is the equivalent self induction of a single conductor. 
In a single-phase line formed by two of the conductors and 
carrying current I,, the drop, reckoning both conductors, is 
§(22,R)? + (I,Lo)*}t = I, x {4R? + (Lw)?}* 


The drop per Ececu ete in a three-phase line carrying a line current 
of I, is 
{(I,R)? + (f1,D@)?}t = I, x {R? + }(Lw)*tt 


.. Drop in potential difference between two conductors of the 
three-phase line carrying current I,, i.e. the drop in line voltage 


= V3 x drop per conductor 
= V3I, xX {R? + }(Lo)?}t 
If the drops in the single-phase and three-phase lines are equal, 
then 
I, x {4R? + (Lott = V3, x {R? + d(Lo)?t 


I, _ v3 
2 


I, 
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{f the line pressures and the power factors are the same in the 
single and three-phase lines, say, H and cos » respectively, 


Power conveyed by single phase line = EI, cos YP 
Power conveyed by three phase line = V3 EI, cos » 
q, 
Vat, 4 
Hence, we have the following rule: The total drop of volts in a 
balanced three phase system with symmetrically arranged con- 


ductors is the same as that in a single phase system having con- 
ductors of the same diameter and spacing, operating at the same 


.. Ratio of powers = 


Y 


20000 =A” 
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line voltage and the same power factor, and transmitting only half 
the amount of power transmitted by the three-phase system. 


Example. A three-phase transmission line consists of }in. conductors 
placed at the corners of an equilateral triangle of side 4ft. The line is 
20 miles long and supplies a load of 5,000 kW at a voltage of 20,000 and a 
power factor of 0:8. The frequency is 50. Find the drop of volts in the line. 


Resistance of one conductor & = 5 ohms. 
djr = 48/} = 192 : logis — 2-28 
., Inductance of a loop formed by two conductors 
L = 14:8 x 104 x 2:28 x 20 = -068 henry 
Reactance of loop X = Lw = 068 x 314= 21:3 ohms 


The current in a single-phase line using two of the conductors and 
transmitting 2,500 kW would be 


= 7500000 _ 166 amp. 
20,000 x 0:8 
.. Resistance drop, ABin Fig. 199 =2 x 5 x 156 = 1,560 volts. 
Reactance drop, BC = 21:3 xX 156 = 3,330 volts. 
.. Voltage at generating end H has for its X and Y components 
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(EB), = 20,000 + 1,560 x -8 + 3,330 x -6 
= 23,250 
(EZ), = 3,330 X -8-1,560 x -6 
1,730. 
1 E = V (23,250)? + (1,730)? = 23,300 volts. 


.. Voltage drop = 3,300 volts. This is also the drop in the 
actual three-phase system. 


I 


EXAMPLES ON CHAPTER XIV. 


(1) A two-phase alternator having a voltage per phase of 1,000 and frequency 
50, has an inductive resistance of 10 ohms and 0-1 henry connected to phase I, 
and a condenser of 50 mf. capacity connected to phase II. If the alternator 
is working on a three-wire circuit, find the current in the common return. 


Ans.—38-2 amps. 


(2) A single-phase and a two-phase three-wire system supply equal amount 
of power to transmission lines of equal length. If the maximum voltage 
between any two conductors is the same in the two cases, and the conductors 
are all worked at the same current density, compare the amount of copper 
used in the two cases. 

Ans.—1 to 1-21. 


(3) A 50 h.p. three-phase motor is supplied at a terminal voltage of 500. 
Its efficiency is 85 per cent, and power factor, 0-8. Find (a) the line current ; 
(6) the cost of running the motor at full load for 24 hours, the price of a 
B.O.T. unit being one penny. 

Ans.—63-5 amps, £4 8s. Od. 


(4) Power in a balanced three-phase system is measured by the two watt- 
meter method, and it is found that the ratios of the two readings are 2 to l. 
What is the power factor of the system. 

Ans.—0:866. 


(5) In testing the power supplied to a three-phase induction motor by two 
wattmeters connected across the line wires, one of the wattmeters reads 
backwards at light loads, though its readings are forwards at heavy loads. 
Examine the reason for this and find what is the true power reading. (London 
Univ., 1908.) 


(6) A single wattmeter is used to ascertain the power supplied from three- 
phase mains. It is only possible to insert the current coil in one of the mains, 
but each of the other mains can in turn be connected with the pressure coil. 
Two wattmeter readings W, and W, are so obtained, the current coil being 
connected with one or other of the pressure coil terminals. Explain carefully 
why it is necessary to alter the pressure coil connections for the second reading. 
Under what circumstances can the power and power factor be accurately 
obtained from the readings of W, and W,? Prove in each case the formula 
to be used. (London Univ., 1915.) 


(7) 500 kW at 11,000 volts are received from a three-phase transmission 
line, each wire of which has a resistance of 1-2 ohms and a reactance of 1 ohm. 
Calculate the supply pressure when the power factor of the load is (a) unity; 
(6) 0-5 leading. (C. and G., 1922.) 

; Ans.—(a) 11,055; (b) 10,985. 


CHAPTER XV 
THE TRANSFORMER 


1. Construction. A transformer consists essentially of a magnetic 
circuit linking with two distinct windings, the primary and 
secondary. Fig. 200 shows the elementary scheme of a trans- 
former. When the primary is connected to an A.C. supply an 
alternating flux will be set up in the core, and this flux linking 
with the secondary will induce an alternating E.M.F. in the 
secondary. The operation can thus be regarded as a case of mutual 
induction. 

There are three main types of transformer, the type being 
decided by the disposition of the core. These are— 

1. “Core Type” with single magnetic circuit. 
2. “Shell Type ” with double magnetic circuit. 
3. ‘“‘ Berry Type ” with distributed magnetic circuit. 

These are shown in Fig. 
200. The cores are built 
up of sheet iron, or alloyed 
steel, in order to keep down 
the eddy current loss to a 
minimum. Average thick- 
nesses are 0-5mm. for a 
frequency of 25 and 0-35 
mm. for a frequency of 50. 
Fig. 201 shows the methods 


Berry Type. 
Fie. 200 Tia, 201 
Typrs or TRANSFORMERS CONSTRUCTION OF JOINTS 


of arranging the core strips, and it will be seen that joints in alternate 
layers are staggered, so as to avoid the presence of narrow gaps 
right through the cross section of the core. Such joints are 
said to be “ imbricated.” The cross sections of small transformer 
cores are rectangular, but in large sizes it is common to adopt an 
approximately circular section since this section has the smallest 
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perimeter for a given area, and therefore requires less copper than 
the rectangular section. In large sizes the strips are arranged in 
packets, as in armature cores, the ducts between them helping with 


the ventilation. 


The windings can be either of the “ cylindrical ” or “ sandwich ” 


Low Tension 
High Tension 


Fia. 202 
TRANSFORMER WINDINGS 


type, as illustrated in 
Fig. 202, the former 
type being used mainly 
on core transformers 
and the latter on 
shell. In elementary 
diagrams it is neces- 
sary to represent the 
primary and secondary 
windings as being 
placed on _ separate 
limbs, but in an actual 
transformer primary 
and secondary coils 


are arranged on each limb in order to keep down magnetic 
leakage. ‘This is explained more fully in par. 5. 


2. Transformation Ratio. ‘The ratio 


Secondary voltage _ #, 
Primary voltage #, 


is called the “‘ Transformation ”’ ratio. 


Since the flux is alternating it can be written 


® = O,,,42 Sin ot. 


*, E.M.F. induced in the primary, instantaneous value, 


¢ = Ee x N, x 10°8 volts 
dt 
where NV, and JN, are the numbers of turns on primary and secondary 
respectively. 
*, ey’ = —-Ding, @. cos wt. N, X 10° 
= —27OnaxNif .cos wi x 10° 
.. (Ey' maw = — 270 max N,f x 10° 


and the effective value 
Qa 

Bit te ees 

, a/ 2° 


oa -4:440 noe N yf x 10° 


Dirge Vif X 10° 


Since the resistance of a transformer winding is very low, the 


THE TRANSFORMER 259 


ohmic drop is small and the applied primary voltage, H,, has 
therefore only to oppose the induced primary voltage H,’. Hence 


By, = -Hy= 4:44D neo Ni f X 10° 
The voltage induced in the secondary is 
Ey = 4440,,,.N.f x 10% 


by the same reasoning, and this is the voltage which appears at 
the secondary terminals on no load, i.e. on no load H, = E,’. 
Ey _Ns 

ee y 

Obviously, the induced voltages H,’ and H,' are in phase with 
one another, and they are therefore opposite in phase to the applied 
primary voltage H,. Hence H, and H#, are opposite 
in phase. 

3. Primary No Load Current. On no load, ive. 
with no current in the secondary winding, the 
primary carries a small current J,, which has two 
components— 

1. A magnetizing component I, which lags 90° 
behind #H,. This is an idle component and _ its 
function is to produce the magnetic flux. 

2. A working component J, which produces the 
necessary real power to supply the hysteresis and 
eddy current losses in the iron. This component is 
in phase with H,. 

The no load vector diagram is therefore as shown 
in Fig. 203. For high efficiency and good regulation 
I, and Ig must both be small. I is kept small ya, 203 
by using low loss iron and not working at too high No Loap 
a flux density. J, is kept small by having a closed Vucror 
magnetic circuit, ic, one without an air gap. Ifan Diacram 
air gap were cut in the core, then the reluctance 
would be increased to such an extent that, in order to provide the 
necessary flux as given by the equation H, = 4-449,,4,N,f x10°8, 
the magnetizing component I, would have to be abnormally large. 

The separate components I,, and I can be calculated as follows. 

The magnetizing force produced by J, is given by 


4rIy,N, 
101 
where J is the mean length in em. of the magnetic path. Hence 
flux density 


B=ypdH 


Hence, transformation ratio 


H 


x 
101 ie 


10—(T.5432) 
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- 2B per 4a (I) mae x Nyy 
aR 


But EB, = V2. 2@nqxNif X 10° 
= V2. aBmae AN if X 10° 
where A is the magnetic cross section of the core 
CPE nae 2D mgs AN I oe 


. B = (Ly) mex x 108 
ee 27 AN, f 


Equating these two expressions for B,,,, we have 


Lx 10° 
(Iu) maz a (£1) max x 87? AN 2 uf 
9 
I, = fa (effective values) 


This is only approximate, since it assumes a sinusoidal form of the 

magnetizing component and constant permeability of the iron. 

Neither assumption is correct, as will be shown in Chapter XXIII, but 

the equation gives a ready means of determining J, approximately. 
In order to calculate the working component Jj, we have 


where W, = hysteresis loss and W, = eddy current loss. 
“a7 — W,, = W, 
2. tw aastilicts 


For the hysteresis loss, we have 
W, = nBmarfV Xx 10-7 watts 


where V is the volume of the iron in c.c. An average value for 
7 is 0-002 for good quality transformer iron, and 0-00076 for alloyed 
steel containing 5 per cent silicon. 

In order to calculate the eddy current loss imagine a portion of 
one core strip of thickness t cm., as shown in Fig. 204. Consider a 
rectangular prism of dimensions t x 1 x 1. The area of the front 
face is sq. cm., and since the flux enters this face at right angles, 
the eddy currents will flow along paths parallel to the long sides. 
Consider two such paths each of width dz and distant x from the 
centre line. 


Area of rectangle enclosed by paths = 2a sq. cm. 
.. Maximum flux entering the rectangle 


= 2Bimagt lines. 
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Regarding the rectangle as a single turn, the E M.F. induced in it 
will be given by the transformer ‘equation 


EH = 4-440,,,,Nf x 10° 
= 444 x (2By.%) X 1x f x 10% 
= 8-88Binarft X 10° 


The current set up is confined to the two long sides, the total 
resistance of the path being therefore 


Hence, eddy current loss in the two strips 
HE? _ (8-88)°B% nga f?2® X 10-1 
R 2p 


x 
. Total eddy current loss in the rectangular _, ate 
prism considered 


. ax 


ate (8: Cae a ee ae ! 
Fic. 204 


2-2 16 CALCULATION oF EDDY 
Seat Bg Current Loss 


48p 


Now the volume of the prism is t x 1 xX le.c.s. Hence, eddy 
current loss per c.c. 


(8: a dt ee 
48 p 


Taking p as 12 x 10-* ohm per cm. cube at a temperature of 50° C. 
the expression becomes 


13-6 X 10-77B* ax ft? watts per c.c 
pay, = 13:6 & 10-42", fy. wate: 


Notice that the eddy current loss is proportional to the square 
of the thickness of the core strips ; hence, the necessity for using 
thin strips. It is to be noticed in passing that whereas the flux in 
a transformer core is a purely alternating one, the flux in armatures 
is partly alternating and partly rotating. The above expression 
therefore requires correcting before it can be used to calculate 
eddy current loss in armature cores. 


Example 1. A transformer working on a 2,000 volt, 50 cycle circuit has 
300 primary turns. The core has a mean magnetic path of 100cm. and 
cross section 1,000 sq. cm., the iron having a permeability of 1,800. .The iron 
loss is 400 watts. Calculate the primary no load current. 
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The magnetizing current 


Ex 10? 
> 0:3 amp. 
In = San PA pf x 
The working component 
IPs iron loss__-__400 _ g.9 amp. 


Hence, no load current 
I, = V0-:3? + 0-27 = 0-36 amp. 


Example 2. When a transformer is connected to a 1,000 volt, 50 cycle 
supply, the core loss is 1,000 watts, of which 700 are hysteresis and 300 are 
eddy current logs. If the applied voltage is raised to 2,000 and the frequency 
to 100, find the new core loss. 


The hysteresis loss W, can be written in the form PBnax f, and 
the eddy current loss W, in the form QB?,,,,f%: P and Q being 
constants. Now from the E.M.F. equation 


EB = 4-44B, AN, f x 10° 


we see that Biya, & 2 


qh 
Hence, we can write for the hysteresis and eddy current losses 
W,= PeVy-o*s Wi. = Or 
where the constants P and Q now have different values. 
From the data given, we have 
700 = P x (1,000)!*i< (60)°*; -300'—=.@ x=1,000" 
*, P= 700 x°1,000-** x 50°* ; = 300 <_1,0007 


Hence, when the voltage is raised to 2,000 and the frequency to 
100 we have 


W, = (700 x 1,0001 x 5098) x 2,000%8 x 100-9 = 1,400 
W, = 300 x 1,000? x 2,000? = 1,200 
.. Total core loss under the new conditions = 2,600 watts. 


4. Transformer on Load. Consider first of all a non-inductive 
load connected to the secondary terminals; then a secondary 
current I, will flow, and J, will be in phase with H,. The secondary 
ampere-turns VJ, will tend to produce a secondary flux which, if 
allowed to exist, would disturb the flux conditions existing at no 
load. This would alter the primary induced voltage H,’ and the 
balance between H, and H,’ would no longer exist. The presence 
of the secondary M.M.F. therefore necessitates the production of 
a primary M.M.F. equal in magnitude but opposite in direction. 
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This is provided by a load current J,’ which flows from the supply 
through the primary. Since the M.M.F. produced by this is equal 
to the secondary M.M.F., 


1-26N,1,’ = 1-26N,I, 


pou 
qT, Sagat de 


The total primary current J, is 
therefore the vector sum of J,’ and 
[,, and for all but light loads can be 
taken as equal to J,’. We thus have 


I, and x I, approx. 


Wi 
or I, = Ny 
i, NN, 
The current transformation ratio ; Fie. 205 
is thus the inverse of the voltage Vxcror DiacraMs ror LoapED 
transformation ratio. The vector TRANSFORMER 


diagram for the transformer on 

non-inductive load is shown in Fig. 205 (A). A similar action 
takes place if the secondary load has any phase angle g. The 
induced primary current I,’ is always opposite in phase to the 
secondary current J,, and since J, is small, the total primary 
current J, is almost exactly opposite in phase to J,. (Fig. 205 (B).) 
Since the induced 
primary and the second- 
ary ampere-turns always 
neutralize one another, 
the flux on load is the 
same as the flux on no 
load. Hence, the iron 
losses are constant and 
are independent of the 

load. 
5. Effect of Resistance 
‘ and Reactance in the 
Fie. 206 Windings. So far we 
LEAKAGE IN TRANSFORMERS have assumed that the 
windings have no resist- 
ance and no reactance. In an actual transformer both are always 
present, the reactance being set up by the leakage fluxes. The 
paths of these fluxes for cylindrical and sandwich windings are as 
shown in Fig. 206. ‘The primary leakage flux is defined as 
that flux which links with the primary, but not with the secondary. 


econdary— 


wena Primary. 


WRENS 
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Similarly, the secondary leakage flux is the flux which links 
with the secondary but not the primary winding. Since a leakage 
flux links with only one winding, it produces a self-induced back 
E.M.F. in that winding, and it is therefore equivalent to a small 
choker in series with that winding. 

The effects of resistance and reactance are best understood by 
considering the case of 
an ideal transformer 
having no resistance 
and reactance of its 
own, but having 

“separate resistance 
and reactance coils 
connected in series 
with each winding, as 
shown in Fig. 207. 


Fic. 207 
EQUIVALENT CrRcurtTs 


Let R, = resistance of primary of actual transformer 
R, = resistance of secondary of actual transformer 
X, = reactance of primary of actual transformer 
X, = reactance of secondary of actual transformer 


2 

Represent the applied primary A 
voltage by H, (Fig. 208). Let OJ, 
represent the primary current J, in 
phase, lagging any angle , behind £E, 
H,. Then primary resistance drop 
= k,l, in phase with J,, and re- 
actance drop = X,J/, leading I, by Primary 
90°. Represent these drops by OB 
and BC respectively. Then OC, 
the vector sum of OB and BO, is 
the total primary drop. Deduct- 
ing OC from OA, we obtain CA = 
H,', the voltage across the primary 
terminals 7’,’7',' of the ideal trans- 
former. 

Drop the perpendicular CD on to 
OA. Then since in an actual trans- 
former OC is small compared with 
OA we have 


Secondary 


Fr 
HL,’ = H,-OD, approx. Fia. 208 
= H,-(R,1, cos p, + X,J, sin 91) ComrpLeTE Vector Diagram 
Let K = voltage transformation ratio. 


Then the induced voltage in the secondary, namely, the voltage 
across the terminals 7','7',’ of the ideal transformer is 
Ey = Kx HE, 
= KE,- K(RyI, cos y, + X,J, sin 9) 
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Represent H,’ by the vector OF (in opposition to E,') (Fig. 208), 
and draw OI, to represent the secondary current J , lagging 9, 
behind #,’. Then secondary resistance drop = R.J 2 in phase with 
f,, and reactance drop = XJ, leading I, by 90°. 

Represent these drops by OG and GH respectively, then OH is 
the total secondary drop, and HF is the voltage H, which appears 
at the actual secondary terminals 7',7',. Hence, as before, 

H, = H,' - (R,I, cos yp, + X,I, sin g,) 
— (RAI, cos p, + Xp, sin p,) 
Now 9, and g, are, as we have scen, approximately equal. 
Replacing them by 9g, we have 
H, = KE,-{(KR,I, + R,I,) cos 
+ (KX,I, + X,/,) sin 9} 
Again, I, = KI, approx., 
hence, the expression for the secondary terminal voltage, in terms 
of the applied primary voltage and the load current I,, becomes 
Now KE, is the secondary voltage on no load, and therefore, the 
expression 
{(K?R, + R,) cos y + (K?X, + X,)sin gp}, 
is the drop of volts at the secondary terminals on load. Notice 
that the drop is proportional to the current 7,, and that it also 
depends upon the power factor, cos gy, of the load. 


If the load is non-inductive, p = 0, cos y = 1, sin p = 0. 
.. Drop = I,(K*R, + R,) 
It is therefore independent of the reactance. 
If the load is purely inductive, p = 90°, cos p = 0, sin gy = I. 
Drop = I,(K*X,-+ X,) 
In this case the drop is decided by the reactance and is independent 
of the resistance. The same applies when the load is a pure 


capacity load, except that in this case the drop is negative, i.e. it 
is a rise of voltage. 

6. Equivalent Resistance and Reactance. The primary resistance 
drop = #,I,, and this, when referred to the secondary, becomes 
KR,I,, or K?R,I,. The secondary resistance drop is R,J,, and 
therefore, the total resistance drop in terms of 7, is 


(K°R, + Ry), 


~{(ay meas 
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The quantity in the large brackets is called the total resistance of 
the transformer referred to the secondary, because when multiplied 
by the secondary current it gives the total resistance drop. If 
multiplied by the square of the current it gives the total copper 
loss (J?R loss) in the transformer. 

The total reactance referred to the secondary is given by a 
similar expression. Hence, if R, and X, are the total resistance 
and reactance referred to the secondary, and R, and X, referred 
to the primary, we have 


be 


X,= X,+ Xs 


ac 


LJ 


he 
~~ 3 ——" 
= 


ip. 
l 

= 
+ 


Le 
I 
a 
ae 
CaS ny ge Ne NERS 


ile 


Also 7.2 = R24 X,2 and Z,?=R,? + X,? 


Example. A transformer has a normal primary voltage of 1,000, and on 
open circuit it takes a current of 0-3 amp. at a power factor of 0-7. When the 
secondary is short-circuited and a reduced voltage of 50 is applied to the 
primary, it takes 12 amp. at a power factor of 0-3. Calculate the efficiency 
and percentage drop of volts when delivering the full output of 10 kVA ata 
power factor of 0-8. 


Iron losses = open circuit intake = 1,000 x 0:3 x 0:7 = 210 watts. 

_ The total copper losses corresponding to a primary current of 
12 amp. are equal to the intake of true power. in the short circuit 
- test, that is, to 50 x 12 x 0-3 = 180 watts. The full kVA 
capacity of the transformer is 10, and therefore, the primary current 
10 x 1,000 _ 
1,000 
10 amp. The total copper losses at this load are therefore 180 x 


2 
(73) =125 watts. 


at this load (assuming 100 per cent efficiency) is 


12 


oaks Output in true power = 10 x 0-8 = 8 kw. = 8,000 watts. 
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REE ents er ent S000 Nyy 
omy = intake ~ 8,000 + 210 +198 7 °°” 


Again, from the short circuit test, 


50 
A S = 4- 
lela aa 16 ohms 
R, —— Zi cos Ps 


where cos y, is power factor during the short circuit test (Fig. 209) 
= 4:16 X 0-3 = 1-25 ohms 
X, = V(4:16)?- (1:25)? = 4-0 ohms approx. 


Hence, since the primary current on ordinary load is 10 amp., 
the ohmic and reactive drops referred to the primary are 1-25 x10 
= 12-5, and 4 x 10 = 40 volts, respectively. If we deduct these 
drops vectorially from the applied primary voltage, the remainder 


Fie. 209 Fie. 210 


will be the voltage available for transformation by the secondary 
winding. Also, it is not necessary to make any calculation for 
drop in the secondary since this is already taken into account by 
using the equivalent resistance and reactance referred to the 
primary. The vector diagram is given in Fig. 210. OA is the 
remainder of the voltage available for transformation ; AJ repre- 
sents the phase of the current, this vector being therefore inclined 
at an angle of » to OC, where cos p = 0-8. AB is the resistance drop 
of 12-5 volts, in phase with I, and BC, the reactance drop of 40 volts 
in quadrature with J. Hence, OC is the total applied voltage of 
1,000. 
The voltage drop is OC - OA, which is approximately equal to 
DC. But 
DC = DF + FC = AB cosy + BC sin 

= (12-5 x 0-8) + (40 x 0-6) = 10 + 24 

== 34 volts. 

.. Percentage drop = 3-4 
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7. Kapp Regulation Diagram. The “regulation ” ofa transformer, 
or an alternator, is the change of terminal voltage with load. 
Thus, if a transformer gives a secondary voltage of ,#, on no load 
and ,, on full load, the regulation is (,H,—- H,). The percentage 
regulation is 

oa Hs x 100 


on 2 


This varies with the power factor of the load, as we have seen. 
Average values of the percentage regulation are 2 per cent at unity 
power factor, and 3-5 per cent at 0-8 power factor (lagging). 
The graphical method of determining the voltage drop in a 
transformer is shown in Fig. 211. A vector OA is drawn to 
represent the secondary 
terminal voltage on load, 
and OX is drawn inclined 
at an angle g to OA, 
where cos @ is the power 
factor of the load. Then 
OX represents the phase 
of the secondary current. 
Draw AB parallel to OX 
and equal to the resist- 
ance drop referred to the 
secondary, namely, RJ, ; 
and the perpendicular 
BC equal to the reactance 
drop referred to the 
secondary, namely, X,/.. 
Then the triangle CAB is 
- the drop triangle referred 
Fia. 211 to the secondary, and CA 
Karr Recunation Diagram is the total voltage drop. 
Hence OC isthe secondary 
no load voltage ,#,, and (OC - OA), arithmetic difference, is the 
secondary drop from no load to full load. Now, if the triangle 
CAB is transferred to ODE, as shown, then DA = OC = ,H,. 
Hence, for a given secondary current, the locus of C is a circle with 
centre O and radius ,//,, while the locus of A is a circle with centre D 
and the same radius. In order to find the voltage drop on full 
load at any power factor cos g, a radius OQS is drawn inclined at 
an angle m to OX. If the impedance triangle is drawn in the 
position PQR, then OP, = OS, is the no load secondary voltage, 
and OQ, the voltage on load. Hence, the length QS is the voltage 
drop. It is obvious that the triangle PQR need not be drawn, but 
simply the radius OQS. It will be seen that for all phase angles 
y included between 4 XOF (which is leading) and 2 GOX (which 
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is lagging), there is a drop of volts on load. For phase 
angles equal to either of these two limits the voltage on load is 
equal to that on no load. For phase angles between 2 GOX 
and Z XOF (reckoning in a counter-clockwise direction) there is 
actually a rise of voltage on load. 

The Kapp diagram affords a very convenient means of deter- 
mining the variation of regulation with power factor, but it has the 
disadvantage that since the lengths of the sides of the impedance 
triangle are small compared with the radius of the circles, the 
diagram has to be drawn to a very large scale if accurate results 
are to be obtained. 

8. Equivalent Circuit. In Section 5 the primary and secondary 
reactances were treated as though they had independent existences, 
like the primary and secondary resistances. Actually this is not the 


jj Rj Xy Be AR Re Mi) Xz 7;" 


Fig. 212. EquivaLent Crrouit or a Static TRANSFORMER 


case, because the leakage fluxes responsible for these reactances 
only exist when the windings carry load currents, and as it is impos- 
sible to have a load current in, say, the secondary without the 
corresponding induced current in the primary, it is equally impossible 
for one of the leakage fluxes to be produced independently of the 
other. On the other hand, the voltage which is actually transformed 
in the transformer is the primary applied voltage less the primary 
drop. This is the voltage which just balances the primary induced 
voltage H,’. In other words, it is the voltage which is responsible 
for the iron loss current J,,, and the magnetizing current J,,, and we 
can therefore represent these two components of the no-load current 
by the current taken by a non-inductive resistance R,,, and a pure 
reactance X, having the voltage H,’ applied to them, as indicated 
in Fig. 212. The rest of the equivalent circuit consists of the secon- 
dary resistance and reactance referred to the primary, and the 
primary induced load current H,’' is taken off at the terminals 
T,’T,”. Now the calculation of the regulation from this exact 
circuit is somewhat cumbersome, and a simplification can be made 
by transferring the resistance R,, and reactance X,, to the terminals 
7',.T,. The error introduced by doing this is, for a transformer of 
normal performance, quite negligible, because the currents /,, and I, 
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are too small to affect the drop between 7,7 and T7,'T,’. The 
simplified circuit is, therefore, as given in Fig. 213 (A). Now the 
resistance R,, and X,, have no effect at all on the drop in the trans- 
former when connedted across 7',7,, so that we can neglect them 
altogether, and we can make the further simplification of substituting 
the actual transformer current J, for the induced current J,’. This 


q, Se SS Ss 7" 
0 


Ty (C) lz 
Fia. 213. SrmmpriricA TION OF THE EQUIVALENT CrRouUrItT 


is done in Fig. 213 (B). Alternatively, if the equivalent resistance 
and reactance are referred to the secondary side, we can use the 
equivalent circuit. shown in Fig. 213 (C). 

It is obvious that the circuits (B) and (C) lead to vector diagrams 
similar to that given in Fig. 210, but we will re-calculate the example 
on page 266, using the symbolic method. The data are as follows— 

E, = 1,000 volts, J; = 10 amp., R, = 1:25, X, = 4-0 

Denote the voltage H,” (Fig. 207 (B) ) by 

x+ 50 
Since the current is at a power factor of 0-8 lagging, we have 
I, = 10 x ‘8-j x 10 V1- (8) 
= 8-76 
Impedance referred to primary side 


Z, = 1:25 + 74 
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‘. Drop of volts referred to primary side 
TZ, = (8 ~ j6) (1-25 + 54) 
= 34 + 724-5 
= (w + j0) + (84 + j24-5) 
= (34 + x) + 5245 
But EH, = 1,000 
: (34 + x)? + 24-5? = 1,000? 
x = 966 volts, approx. 
~. Drop of volts referred to primary = 1,000 - 966 = 34 
Percentage drop = 3-4, as before. 


9. Percentage Resistance, Reactance, and Impedance. It is usual 
to express the resistance, reactance, and impedance of a transformer 
as percentages of the normal voltage. This is done in the following 
manner 


100RI = percentage resistance, where H, is the normal voltage 


Ey per phase of the winding on which the measure- 
ments or calculations are made 


100XTI 
= percentage reactance 
Ey 
and ee = percentage impedance 
0 


We have seen previously that the percentage drop is given by the 
expression 
RI cos g + XI sin 


Ey x 100 


Percentage drop = 


so that it can also be written 
100RI 100XI 
+ ies 
Denoting the percentage resistance and reactance by v, and v, 
respectively, we have 
Percentage drop = v, cos g + v, sin y 
The following numerical example will make the method clear. A 
100 kVA single-phase transformer, ratio 10,000/200, 50 cycles, 
requires 300 volts at the H.T. winding to circulate full-load current 
with the L.T. winding short-circuited. The intake is then 1,000 watts. 
Calculate the percentage regulation and secondary terminal voltage 
on full load at 0-8 power factor lagging. 
Full-load primary current 


so 1,000 x kVA __ 1,000 x 100 
+ i = ~~ 10,000 


By 
= 10 amp. 


sin 
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300 
Z, = jo = 30 ohms 
R, = ee = 10 ohms 
X, = V30?- 10% = 28-3 ohms 
_ RY _ 10 x 10 x 100 | 
C= Ee x 100 = eWRiea & 1 
. 10 x 100 

vg = Ae x 10 ee = 2:83 

1 > 


.. Percentage drop 
= 0, COS P + Vz Sin PY 
=1 x 08 + 2-83 x 0-6 


= 12:5 
2-5 
.. Secondary drop = 100 < 200 = 5 volts 
.. Hg, on load = 200-5 = 195 volts. 


10. “ All-day’’ Efficiency. The ordinary or commercial efficiency 
is defined as the ratio 


Output in watts 
Intake in watts 


The all-day efficiency is the ratio 


Output in kilowatt hours 
Intake in kilowatt hours 


This second efficiency is thus measured on an energy basis. 
The reason for the introduction of this efficiency is that transformers 
used for distribution have their primary winding connected to the 
line for 24 hours per day. The core losses are thus going on for 
the whole 24 hours, whereas the copper losses go on only when the 
transformer is on load. Hence, if the load is not on the transformer 
for the whole of the time it is connected to the line, the all-day 
efficiency is less than the commercial efficiency. 


Example. A 20kW lighting transformer of ordinary efficiency 95% is 


on full load for 6 hours per day. Find the all-day efficiency if the full load 
losses are equally divided between copper and iron. 


Total losses on full load = 5% of 20 kW = 1 kW 
.. Iron losses = 0-5 kW, and full load copper losses = 0-5 kW 
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Output of 20 kW for 6 hours per day = 120 kWh 


Copper loss of 0-5 kW for 6 hours perday = 3kWh 
Tron loss of 0-5 kW for 24 hours perday = 12kWh 
Energy intake during 24 hours = 135 kWh 
*, All-day efficiency = es 89% 
135 
11. Relation between Copper and Iron Loss. 
Output (watts) = H,I, cos » 
Primary copper loss = R,I,? 
Secondary copper loss= #,J,? 
. Total copper loss = (R,/,7 + R,I,") = R,I.? 
Tron loss = W; = a constant 
oa Efficiency = output = SOG AEG 008 gy, 8 5 
intake #,J,cosy + R,/,?+ W, 
E,, cos » 


a cos y + (Rol, + W/L.) 


For a given power factor the efficiency is a maximum when the 
expression in brackets is a minimum. Now the product of the 
two terms in the expression : 

“y VE 


is a constant, and therefore, St Ba Bere 
[|| {La al 
LE 


their sum is a minimum 
when they are equal. 
Hence, for maximum effi- 
ciency we have 


RJ, — W,/I, 
RIY= W; 


The efficiency is thus a 
maximum at that load 
which makes the copper 
losses equal to the constant 
iron losses. If a _ trans- 
former is intended to work 
most of the time on full 
load, it is designed to have b 
the maximum efficiency at 
full load. If the load is 5 
variable it is usual to design gh pie bik 
it to have maximum 
efficiency at about three-quarter of full load. 


Ea 
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12. Division of Load between Two Transformers in Parallel. 
In Fig. 214 two transformers are shown connected in parallel on a 
pair of bus-bars, and their resistances and reactances, referred to 
the secondary are, for the purposes of calculation, shown external 
to the secondary windings. If the transformation ratios are the 
same, the voltages across the secondary terminals of the two ideal 
transformers will be the same, and we can therefore imagine these 
connected to a second pair of bus-bars, as shown dotted. The 
voltage across these bars will not vary with load, but will remain 
constant. The equivalent simple circuit is therefore as shown in 
the second diagram, and the load current I will divide itself between 
the two transformers in the ratio of the branch currents J, and I, 
in the equivalent circuit. 


be the equivalent impedances of the two transformers referred to 


the secondaries. If the ratios R,/X, and R,/X, are equal, then 
the currents J, and I, will be in phase, and we can write 


Ey Ly tp Ry 
Ted, eek 
Z Z 
*. dee 8 er TS and Ti eT 
ELAS, ey REY A 


If the ratios of resistance to reactance are not equal, then the 
graphical construction, as applied to branched circuits, can be used. 
Assume any drop OA (Fig. 215) 
between the points P and Q in 
Fig. 214, and on OA draw a semi- 
circle. Draw chords OB and OC 
inclined at gy, and @., where yp, = 
arc tan X,/R,, and gy, = arc 
tan X,/R,. Then these chords re- 
present to scale the respective resist- 
ance drops, as before. Dividing them 
by the respective resistances R, 
and R,, we obtain quotients propor- 
tional to the currents J, and J,. 
Represent these quotients graphic- 
ally by the lengths OD and OZ, and find the resultant OF. Then OF 
represents the total current delivered to the load. But this 
current is J, which is known. Hence, we have 


OD OH 
| Pe = 
The resistance drop represented by chord OB is then given 
numerically by R,J,. This gives the scale by which the total 
drop OA can be calculated. 


We are now in a position to draw the complete vector diagram. 


Fie, 215 
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If the load is of power factor cos ¢, the total current vector OF will 

be inclined ¢ to the direction of the secondary terminal voltage E,, 

this direction therefore being given by the line O’E, in Fig. 216. 

With A as centre and Z,.o, the secondary no-load voltage, as radius, 

mark off AO’ equal to Z,.,; then the length O’O gives the secondary 

voltage on load, and the voltage regulation of the “bank” of trans- 
former is given by 

O’'A-O'O 

O'A 
As an example consider the case of two transformers in parallel, 
their characteristics being (a), @ resistance of 1 per cent, a reactance 


x 100 


Fig. 216. CompLeTE Vector DiaGRam FoR Two TRANSFORMERS 
IN PARALLEL 


of 7 per cent, and a capacity of 500 kVA; (6), a resistance of 2 per 
cent, a reactance of 5 per cent, and a capacity of 400 kVA. The load 
is one of 1,000 kVA at a power factor of 0-8 lagging. 

Assume a secondary voltage of 100 giving full-load secondary 
currents of 5,000 and 4,000 amp. respectively. Hence, with this 
assumption, we have for the constants 
7 


— 1 -4. —— — -4 
R, = 5000 a de 104; Xp = 5,000 = 14 x 10 
2 a -4 — 5 ns . 4 
“ko Kers eae Pee can Oot 


gy, = arc tan 14/2 = 81° 53’ 
Qq = arc tan 12-5/2. = 68° 12’ 

The drop triangles are drawn to scale in Fig. 217, and working 
backwards as explained above, we see that the length OA in volts 
is equal to 6-68 volts, with H,.) equal to 100, this gives 94-5 volts 
for #,, so that the percentage regulation of the bank is 5-5. 

We also see that the currents J, and I, are 4940 and 5150 respec- 
tively, and the phases of these currents with respect to H, are 
a, = 45° and a, = 32° respectively. Hence, for the output of the two 
transformers, we have 

W, = E,I, cos a, X 10°? = 330 kW 
W, = #,I, cosa, X 10° = 412 kW 


276 


6:68 vo/ts 
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Fie. 217 
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The sum of W, and W, is slightly less than the assamed load of 
1,000 kvA, or 800 kW, because the currents are based on a terminal 
voltage of 100 per cent instead of the actual voltage of 94-5 per cent ; 
the adjustment is easily made by multiplying each by the ratio 
E,.9/H, and we then have for the corrected loads W, = 350 kW and 
W. = 440 kW. The sum is 790, and the slight error due to the 
current of the angles by protraction. 

We will now work out the symbolic method of treating this 
problem. Take the vector of secondary terminal voltage #, as the 
reference vector, so that 


H,=H,+ 3.0 
The total load current can be written 
I =Icosg-jl sing = a-jb, say, 
the minus sign being used because the current is assumed lagging 
with respect to H,. The symbolic impedances of the two trans- 
formers are 
% = R, + JX; 22 = Ry + jX, 
and the currents J, and J, can be written. 
L=% + jyi I, = 2 + JYe 
Since the drops are the same, we have 
(Ry + 9X1) (1 + jth) = (Ra + JXe) (2 + Je) ° - (1) 
and since the total current is the resultant of the currents in the 
two transformers, we have 
Rtia@=t1; - : : . ; : ae (2) 
From (1) and (2) we have 
I, = [(Rg + 9X2) = {(R, +R.) + j(% + X2)} 
and = J, = 1(R, + 5X,) ~ {((R, + Ry) + JK + X,)} 
For the transformers used in the previous graphical construction, 


we have 
Z, = 2 xX 10-4 +- 7 14 x 10-4 


: 2x 104-714 x 104 2x 104 14 x 10¢ 
“Mi = ox 0 + 4 x 10-42 = 200 x 10% 7 200 x 10* 
= 10?-j7 x 10 


5 xX 10-7 12:5 x 10-4 pee 10* 25 x 10-4 
and ¥s= 0% 4 12-6? x 10% — 180 x 10% / 180 x 10° 
* = 2-76 x 10°?-76-9 x 10? 
Hence, for the whole of the branched circuit 
Y = 10?-7 7-0 x 10? + 2-76 x 10°-j 6-9 x 10? 
= 3-76 x 10?—7 13-9 x 10? 
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Ze 3:76 X 107+ 913-9 x 10? 
=") 3768 5 10S IS oe 
= 1-81 x 104+ 7 6-69 x 10 
Hence, voltage drop along the parallel path 
ZI = (1-81 x 10-4 + 7 6-69 x 10-4) (10,000 x -8 —7 10,000 
= 5-47 + 7 4:26 x; 6) 
But #,=£#,+ 7.0 
: Eg.9 = Hy + 547 + 79 4-26 
: Bag = §(E gt 5-47) + 4:267}4 
But ££... = 100 
: EH, = 94-43 volts 
For the calculation of the current carried by the two transformers, 
we have 
I, = Y, X symbolic voltage drop 
= (10?-477 x 10°) (5-47 + 7 4-26) 
= 3-53 x 103-7 3-43 x 108 
I, = 10°(3-53? + 3-43?)4 
= 4,930 amp. 
I, = Y, X symbolic voltage drop 
= (2-76 x 107-7 6-9 x 107)(5-47 + 9 4-26) 
= 4-45 x 108-7 2-60 x 10° 
I, = 103(4:452 + 2-602)4 
ae I, = 5,150 amp. 
As a check 7 = ')805¢ 104-9 6 510% 
I, 4+ I, = 3-53 x 10°-9 3:43 x 103 + 4:45 x 108 
—7 2-60 x 10° 
= 7:97 x 103-7 6-03 x 10 


13. The Transformer as a Mutually Inductive Circuit. Since 
practically the whole of the flux produced by a transformer links 
with both primary and secondary windings, the transformer is an 
appliance with very 
“closely coupled” cir- 
cuits. Each winding has 
its own separate resist- 
ance, #, and R,, and each 
can be considered as hav- 
4 ing its own separate leak- 

Fra. 218 i age inductance, LZ, and 

L,, although these are 

not strictly separable, as has been pointed out before. The 
circuit is shown in Fig. 218, the load resistance and reactance 
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being included in R, and X, on the secondary side. The applied 
primary E.M.F. has to do two things, viz. overcome the impedance 
drop in the primary and also overcome the mutually induced 
primary E.M.F. due to the current variations in the secondary. 
Hence, using the symbolic notation, we have 


£,=1,(R, + jlyo)+jMol, . . (1) 
The secondary induced E.M.F. is 
E, = -jMol, 


and this has only to supply the total impedance drop in the secon- 
dary circuit 


*, ~jMol, = I,(R, + jl) . . . . . (2) 
From equation (2) we have 
I,_ _-jMow 
I, BR, + jl 
“) Mw 


2 = 
“T, VRii+ L540" 
Substituting in equation (1) the value of J, ions from (2), 
we have 
M*w? 
R, +- jL.w 


' M*w*(R, —7L 
= te + jLy) + saa 


k,= I,(R, + jLy) + I, 


M2w?2 5 M2? 
= f+ Raper es +40(h gs a) 
Thus the quantity 
M*w? 


M*w 
(2: + Pa Ray Lot a + jo( Dy si aE) 
is the equivalent impedance of the primary circuit. 


1 2 q d . 


Denote these by r, and 1, respectively, then the equivalent primary 
reactance is 

ae vy = ie) 
By 


ea r+ 9% 
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Ey 
EE 


Mo 
But de Sea VRe + Leo? 
NS gag Sie mig le SS al 
We see that r, > R, and 1, < L,, so that the effect of putting load 
on a transformer is to increase the apparent resistance and to 
decrease the apparent inductance. 

14. Testing of Transformers. The various transformer tests are 
as follows— 

(a) Corr Loss Tzsts. The primary is connected to a supply of 
normal frequency and voltage, through a wattmeter W, as shown 
in Fig. 219, and the secondary is left on open circuit. Since the 
core loss is independent of the load, and since the primary no-load 
current J, is so small that the copper loss due to it can be neglected, 
we have 


Iron Loss 


& 
©< 


iss) 


Fie. 219 


Core loss = wattmeter reading = W,, say 


Power factor cos YP = if 
Working component lo. = 1, 008 —, 
Magnetizing compound I, = J,sing, 


Since the power factor cos g, will be low, it will be necessary to 
correct the wattmeter reading. (See Chap. XIV.) 

If the dimensions of the core and the number of primary turns 
are known, the hysteresis and eddy current losses can be separated 
in the following way. We have, from the transformer E.M.F. 
equation, 

RB ao ee 
ee ee 
The applied voltage H is varied over as wide a range as possible, the 
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frequency being kept constant at, say, f,. The iron loss, as 
measured by the wattmeter, is then plotted against the calculated 
values of Bing, (Fig. 220). The test is then made at a second 
frequency f., thus giving two curves. For a given value of Bros 
the hysteresis loss is proportional to the frequency, and the eddy 
current loss, to the square of the frequency. Hence, if we take any 
ordinate PQM, we have 


Total loss at frequency f, 
Wy = Af 1 Ki Bf is 
While total loss at frequency f, 
W, = Af, + Bf,?, A and B being constants. 


From these equations A and B can be calculated. The separate 
losses at any frequency, for the value of Bngx equal to OM, can then 
be calculated. By drawing a series of ordinates and making the 
above analysis for each, the losses at any value of B,,,,, a8 well as 
any value of the frequency, can be calculated. 

It is usual to make the above test, not on the actual transformer 
itself, but on a test specimen built up of strips of transformer iron. 
In Epstein’s apparatus the specimen is arranged in a square, the 
standard dimensions of a strip being 50cm. x 3cm. The total 
weight of strip used in building up the specimen is 10 kg. The 
arrangement of the specimen 
and the magnetizing coils is 
clearly shown in Fig. 221. 

(6) IMPEDANCE AND 
Copper Loss Trsts. The 
secondary is short-circuited 
by a heavy conductor, as 
shown in Fig. 222, and a 
low voltage applied to 
Cc the primary, the voltage 


estes] 


asettes 


iH 


feseseensttvtiti 


edbdastsssansze 


——-—- —_-----> 


Fie. 221. 

Epstein’s Iron TxstinG APPARATUS 
being adjusted until the ammeter A indicates that the full load 
current is flowing. The losses now taking place will be the full load 
copper loss in both primary and secondary, and a small amount 
of iron loss. ‘The voltage applied has to be so small that this iron 
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loss is quite negligible. Hence, if W, is the wattmeter reading, EH, 
the voltage applied, and J, the current, then 
Full load copper loss = W, 

Remembering that the copper loss is proportional to the square of 
the current, the copper loss at any load can be calculated. If it 
is required to determine the copper loss only, it is not absolutely 
essential that the supply should be of normal frequency because 
the copper loss (I?) is independent of frequency. If the windings 
are of very heavy section it is preferable that normal frequency 
should be used, because eddy currents are set up in such windings, and 
the additional loss due to them is a part of the total copper loss. 

The impedance of the transformer can also be determined from 
the short circuit test, but in this case it is imperative that the 
voltage should be of normal frequency. If the voltage is applied 
to the primary, 


Also, from cos 9, = 


R, => Zz COS My ; x, = 4, sin 9, 
Similarly, if the test is made with the primary short-circuited. 


(c) Loan Txzst. The efficiency can be determined with con- 
siderable accuracy from the results of the open and short circuit 
tests, while full load tests are made to determine the temperature 
rise. A small transformer can be put on full load by means of an 
artificial load, say, a water 
resistance, but for large 
units a regenerative test is 
almost imperative, partly 
because of the saving in 
energy, but mainly because 
of the difficulty in arranging 
an artificial load to absorb 
very large amounts of 
power. The regenerative 
test on two transformers is 
called the Sumpner test, 
and sometimes the “‘ back- 
to-back”’ test. Two similar 
Sigg PEE, tasformers have, shel 

Sere primaries connected to a 
supply of normal voltage 
and frequency as in Fig, 
223. The wattmeter Ww, gives the total core losses. The two 
secondaries are connected together, care being taken [to have 


Le 
rl 
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their “polarities” in opposition. This is done as follows. 
Terminals A and C are connected together, and a voltmeter of 
range double the voltage of either transformer is connected across 
BD. If no reading is obtained, the voltages in the two secondaries 
are in opposition, and the terminals BD can be safely connected. 
If a reading is obtained, the voltages are acting in the same direction, 
so that it will be necessary to connect A to D. In the case of 
high voltage transformers, it is common practice to use a bank of 
incandescent lamps in series instead of a voltmeter, care being 
taken, of course, to see that all the lamps are sound. If the two 


Fic, 224 
MertTHops or Coomine TRANSFORMERS 
(1) Tank with external tubes (2) Water cooling (3) Air blast cooling 


secondaries are connected in opposition no secondary current will 
flow, and to produce this current it is necessary to inject an E.M.F. 
into the secondary circuit by means of a regulating transformer 
This injected voltage is adjusted until full load secondary current 
is flowing. This will induce full load currents in the primaries, but 
the primary currents will circulate through the bus-bars, as shown 
by the dotted path, and the reading of W, will be unaffected. The 
wattmeter W, will give the total copper losses, and thus, knowing 
both iron and copper losses, the efficiencies can be calculated. 
The advantage of the test is that two large transformers can be put 
under full load conditions for several hours, so that the temperature 
rise can be measured, with an expenditure of energy equal to that 
required by the losses only. 

The Sumpner test thus necessitates two transformers, and these 
are not always available. If a single transformer is to be tested, 
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then provided another transformer of the same voltage and the 
same, or greater, capacity is available, the test can be carried out. 
Failing this, the single transformer can be tested as follows. One 
side is short-circuited and a voltage applied to the other side of such 
value that the transformer intake is equal to the sum of the normal 
copper and iron losses. It is obvious that with this method the losses 
are almost entirely copper losses, with the result that the tempera- 
ture rise of the copper will be greater than normal, and that of the 
iron less than normal. On the other hand, the temperature rise of 
the oil in which the transformer is immersed will be of normal value, 
the test thus being sufficient for the checking of a specification 
giving a figure for the temperature rise of the oil, as is usual. 

Other tests which can only be applied to three-phase transformers 
are described in Chapter XIV. 

15. Methods of Cooling Transformers. Since there are no rotating 
parts which induce a ventilating draught, transformers are more 
difficult to cool than rotating electrical machines. For small 
outputs, up to, say, 20 kW, the external surface is sufficient to 
enable the heat produced by the losses to be dissipated by radia- 
tion, but for larger sizes additional means of carrying away 
the heat have to be provided. The various methods are 
illustrated in Fig. 224. For outputs up to 500 KW it is sufficient 
to place the transformer in a tank of oil, and to provide as 
large a cooling surface as possible by (a) corrugating the sides 
of the tank, or (6) using a boiler plate tank provided with 
external tubes. This second method is being used very exten- 
sively at the present time. For still larger outputs the above 
method would necessitate a very large tank, and it is therefore 
common to use a smal! tank with a worm immersed in the oil, 
through which cooling water is passed. The disadvantage of this 
is that the water is under pressure, and if any flaws develop 
in the worm, water will find its way to the oil. It is therefore 
preferable to have the oil at higher pressure than the water, as in 
the case of the external oil cooler. The oil is pumped through a 
cooler very similar to a condenser, and is cooled by low pressure 
water. Where a cheap water supply is not available, as is often 
the case in substations, the transformer can be cooled by an air 
blast. In such a case it is necessary to filter the air, or dust 
particles will in time clog up the ventilating ducts. The main 
disadvantage in air-blast cooling is that the very valuable increase 
in insulation strength due to immersion in oil is lost. 

16. Heating-Time Curve. With very large transformers a very 
long time is required for the temperature to attain its final value, 
and it is not convenient to leave the transformer on test for the 
whole of this time. If the temperature is taken at regular intervals 
for a few hours, then the final temperature can be calculated from 
the initial rate of rise so determined. 
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Let W = full load losses in copper and iron (watts) 


H = amount of energy in joules required to raise the 
temperature of the whole transformer by 1°C. 


K = watts dissipated by the transformer and its cooling 
appliances per degree rise in temperature 


6,, = final temperature rise attained 
Then W = K6,, by Newton’s law of cooling. 
Now at any temperature rise 6, 


(Rate of production __ (Rate of storage ce (Rate of dissipation 
of heat) a of heat) of heat) 


the solution of which is 
K 
Gv uf Aventis 


where A is a constant and ¢ is the time in seconds. 
Now when 


where B =— 


B is called the “temperature-time” constant. Its components 
H and K can be calculated from the data of the transformer, and 
therefore, B is known. The equation for 6 shows that the curve of 
@ against ¢ is an exponential curve as shown in Fig. 225. The 
final temperature is theoretically attained when t=0o. We 
therefore have 


W 
a. = K 
Differentiating the equation for 0 with respect to t we have 
t 
a6 — Ws ar 24 nw B 
dt KB 


.. Initial rate of rise of temperature 


dé W 
aoe ao eee i= 
(z ). 3 when 0 
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dé 
2 (F) 


= (Temp.-time constant) x (Initial rate of rise of temperature) 


.. From 6, = 


wb AIS 


We have 6,, = 


If, after attaining its final temperature, the transformer is allowed 
to cool down, the curve of fall of temperature is complementary to 
the curve of rise of temperature. We then have 


W 


Ee 
ae Ge B 
K 


Now, when carrying out a heat 
run on a small machine, the final 
temperature will be attained in a 
comparatively short time, say five 
or six hours, but in the case of a 
very large machine twenty-four 
hours, or even longer, may be re- 
ee quired. In such a case it is desirable 

7ime to be able to determine the final 

Fia. 225 temperature from the results of 

a run of short duration. One method of doing this is as follows. We 
have seen that 


Temperature 


dé 
HW Ey 
di. ta He 
K Wap 
NK ) 
K 
= F (On —9) 
o (8, - 8) 


In other words, the slope of the curve at any instant is proportional 
to the difference between the actual temperature at that instant. 
and the final temperature. Thus, in Fig. 226, the point P is taken 
at a temperature rise equal to half the final rise, and » is taken at 
three-quarters of the final rise. The point O is at the commencement, 
for which there is no temperature rise. Hence, the slope of the 
_. tangent at O is proportional to the final rise 6,,, the slope of the 

_ tangent at P is proportional to 46,,, and that at Q is proportional 


THE TRANSFORMER 287 


to 36,,. The procedure is therefore as follows. Observe the initial 
rate of rise from the results of the test of short duration, and deter- 
mine the slope at successive periods until a point is reached at which 


0 t 
Fie. 226 


the slope is half the initial slope. Then the final rise of temperature 
is twice the rise of temperature reached at that point. As a check 
on the accuracy of the determination of the slopes at various 
instants, the curve of (0 - d0/dt) can be plotted against time, and 
this should be a straight line. 
Example. A 100 kVA transformer has a temperature-time constant of one 
hour. The ratio of iron loss to copper loss at full load current is 1 to 2, and the 


temperature rise on normal full load is 50°C. What overload will produce a 
temperature rise of 60° C. at the end of a run of 2 hours, starting from cold ? 


t 
We have 9 =0( 1-7) 
Hence under overload conditions 
60 = Om (1- as 
= 60.,(1 - e-*) 
= ‘8650,, 
60 
ph) ne B65 = 69:4°C. 
Ww 
But Om = K 
showing that 0,, is proportional to the total loss 
Total loss on overload as 69-4 
* Total loss on normal] load 50 
= 1-39 


Denote the full load by unity and the total load at overload by x, 
also let W, = iron loss. 
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Then | 2W, = copper loss on normal load 
and 2W, xX x* = copper loss on overload 
oo Wee 
°* W,+2W, x a 1:39. 
Sihed 
1+ 22 1-39 
which gives w= 1-26; 


Hence a 26 per cent overload will give a temperature rise of 60° C. 
in 2 hours. 


17. The Auto-Transformer. An auto-transformer has one winding 
only as shown in Fig. 227, the secondary voltage being obtained by 


g 
S 
»® 
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No turns 


Fic. 227 


tapping off at any convenient point. As in the ordinary trans- 
former, the transformation ratio is equal to the turn ratio. 


For the same capacity and voltage ratio the auto-transformer 
requires less copper than an ordinary transformer. The cross 
section of a conductor is proportional to the current carried, and 
the length of conductor in a winding is proportional to the number 
of turns. Hence, weight of copper in a winding is proportional to 
the product of the current and the number of turns. 

(2) ORDINARY TRANSFORMER. 

Weight of copper on primary oc N,J, 
Weight of copper on secondary o N,/, 


Total weight of copper o (Ni, + N,I,) 


(6) Auro-TRANSFORMER, 
The top section of (N,—N,) turns carries current I, 
.. Weight of copper in this section oc (N,-N,)I, 
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The bottom section of N, turns carries a current of (I, - 1,) because 
of the opposition of primary and secondary currents 


.. Weight of copper in bottom section oc N,(I, - ,) 
.. Total copper in auto-transformer oc 
(V,-N,)I, + N2(0,-1,), « (Ny-2N,)1, + Nal, 
Weight of copper on auto-transformer (N,-2N,)1,+N,I, 


= 


‘" Weight of copper on ordinary transformer NiI,+ NI, 


ae dee 
NIN, + Le/y 
Now N,/N, =1,/I, =m, say, where m = 1/K 


2n-2 _m-1 


Ratio of weight of copper = 


Current Sy 
Transformer 4 ine Fee T3 
“anja 
| ; | ine 
= Secondar 
Fig. 228 Fig. 229 


Because of the saving of copper, auto-transformers are occasionally 
used where a transformation ratio not very different from unity is 
required ; but where one side is at very high tension compared with 
the other, it is preferable to have the two sides electrically separate 
and to use ordinary transformers. Auto-transformers therefore 
have the biggest sphere of usefulness as regulating transformers. 
They are also sometimes used as boosters to raise the voltage in an 
alternating current feeder. 

18. Use of Transformers with Measuring Instruments. (a) When 
measuring large currents in a direct current circuit it is usual to 
pass the current through a shunt, and to measure the P.D. across 
the shunt by means of a milli-voltmeter. This is not convenient 
with alternating current instruments, except hot-wire instruments, 
and it is therefore usual to pass the current to be measured through 
the primary of a “current” transformer, the secondary being 
connected to the ammeter (Fig. 228). Since ammeters are of very 
low resistance it will be seen that a current transformer normally 
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works short-circuited, and if for any reason the ammeter is taken 
from the circuit the secondary terminals must be short-circuited. 
If this is not done the primary winding will act like a choker 
connected in series with the line. The M.M.F. of the primary 
current will be unopposed and the core will carry an abnormally 
high flux, thus inducing high E.M.F.s in both primary and secondary 
windings. For the measurement of the very heavy currents carried 
by bus-bars or feeders the conductor itself constitutes the primary, 
as shown in Fig. 229.* 

(6) When measuring very high pressures, the pressure is stepped 
down by means of a “ pressure” transformer, the low tension 
secondary of which is connected to the voltmeter. For switchboard 
use a voltmeter works practically all the time on one part of the 
scale, and if the transformer gives the correct ratio at this 


Current 
Transformer 


Fie. 230 


point, a variation of the ratio at other points is not of much 
account. On the other hand an ammeter has to be correct at all 
points on the scale, and therefore, the current ratio of a current 
transformer must be the same at all loads. 

(c) When measuring power on a high pressure system both 
current and pressure transformers are used, the way in which they 
are connected in the circuit being illustrated in Fig. 230. 

19, Transformation from Three to Two Phase. Scorr’s MeTHop. 
In some cases, mainly for electric furnace work, it is desirable to 
work with two phase current. At the present time bulk supplies 
are invariably three phase, and it is therefore necessary to convert 
from three to two phase. This can be done by means of two single 
phase transformers connected in “‘ T,” as in Fig. 231. 

Let H, = voltage across each phase of the two phase side. 
Then, assuming unity transformation ratio in transformer I, we 
have £,/2 across CD and DA. Hence, for the voltages on the 
three phase side, we have, if K is the transformation ratio in 
transformer II, 


* The theory and use of instrument transformers are treated exhaustively 
in Instrument Transformers, by Hague (Pitman). : 
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Bon = + K.£,, vector sum 


Ey. = —- KE, + = , vector sum 
Eu = 4 - = = — H,, vector sum 


Now on the two phase side the two voltages #, must have 90° 
phase difference. Hence, the complete vector diagram is as shown 
in Fig. 231. The three phase vectors must be 120° apart. 


1, POQ=60°, «. PQ=V3 x 0Q= shy 


Rs 
S 
x 
Sy) 
® 
a Ee 
yyw ae 
RR tary deg Renee “\ Phases AConnected. Phases A Connected. 
Three-Phase Transformer. 
Fia. 231 Fie. 232 
Scorr CoNNECTIONS THREE-PHASE TRANSFORMER 


But PQ is equal to KH,. HenceK = V 3/2; and therefore, the 
coil BD of transformer inf must have 0- 866 as many turns as the 
coil C/A in transformer I. 

20. Three-phase Transformation. The ordinary transformation 
of three-phase current at one voltage to three-phase. current at 
another voltage can be effected either by means of a single three- 
phase transformer, or by three separate single-phase transformers, 
as shown in Fig. 232. The advantage of using three separate 
single-phase transformers is that only one-third of the total output 
need be kept as spare, an equal single-phase transformer being 

11—(T.5432) 
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substituted for a faulty one, in the case of breakdown. With a 
three-phase transformer it is necessary to have another three-phase 
transformer of full output as a spare. If the three single-phase 
transformers are mesh connected, then, in the event of a fault 
developing in one, of them, it can be removed from service, the 
two remaining transformers supplying the load in what is called 
“open delta’’ connection. This does not apply to the three 
single-phase transformers connected in star. 

With one three-phase transformer, or a ‘‘ bank ” of three single- 
phase transformers, the primary may be star connected and the 
secondary mesh, or vice versa. If a number of three-phase trans- 
formers, or a number of banks of single-phase transformers, are 
worked in parallel, then there are certain methods of connecton which 
cannot be employed. A few arrangements are tabulated below— 


Ist Transformer. Primary A, Secondary A 


2nd Transformer. Primary A, Secondary A Impossible 


Ist Transformer. Primary A, Secondary A ; 
2nd Transformer. Primary A, Secondary A Possible 
Ist Transformer. Primary A, Secondary A : 
2nd Transformer. Primary A, Secondary A oe 


21. Tests on Three-phase Transformers. The determination of the 
core loss and magnetizing current is made by means of an open-circuit. 
6-Phase Suing) test as in the case of single-phase trans- 
— formers. The power can be measured by 
the two-wattmeter or the three-wattmeter 
method, or, alternatively, a single watt- 
meter used in conjunction with a transfer 
switch can be used. If the reader will 
work out the vector diagrams for the 
two-wattmeter and _ three-wattmeter 
methods, he will find that, owing to the 
low transformer power factor on open 
circuit, the meter power factor will be 
lower in the three-wattmeter than in 
the two-wattmeter method, and con- 
sequently the latter method is preferable. 
The short-circuit test is also carried 
out by the two-wattmeter method, and 
the resistance, reactance, and impedance 
are worked out per phase. 
For the purpose of a heat run the 


(eS Se 
1-Phase Supply short-circuit test can also be used, the 
Fia, 233. Connzorions ror #Pplied voltage being increased so that 
DEtra-peLta Run the transformer intake is equal to the sum 


of the normal iron and copper losses. As 
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indicated in the section dealing with single-phase transformers, this 
method has the defect that the temperature rises of the iron and 
copper are not normal. This difficulty can be overcome in the case 
of three-phase transformers by what is called a delta-delta run. 
Whatever the normal connections of the phases, both primary and 
secondary phases are connected in delta, and the iron losses are 
supplied from a three-phase supply of normal phase voltage and 
frequency, while the copper losses are derived from a single-phase 
supply. The connections for the test are shown in Fig. 233. Since 
the three-phase supply is at correct voltage and frequency, the sum 
of the wattmeter readings, W, and W,, will be the iron loss. The 
high-tension winding is connected in open delta, and is connected 


3-Phase Supply 


Auxiliary 


Transforiep Auxiliary 
| | TransformeP 
| yee 
3-Phase 1-Phase 
Supply Supply 
3-Phase Boost. Single-Phase Boost. 


Fria. 234. AnterRNATIVE CONNECTIONS rOoR REGENERATIVE TEST ON 
Two THREE-PHASE TRANSFORMERS 


to a single-phase supply, whose voltage, to produce normal full-load 
current, must be equal to three times the impedance voltage per 
phase referred to the high-tension side. The ammeter in this circuit 
will then indicate full-load current, and this current will induce 
full-load current in the low-tension winding, this induced current 
being a circulating current, as indicated by the dotted path, and 
therefore not affecting the readings of wattmeters W, and W. 
Hence, wattmeter W, will indicate the total copper loss. This test 
is suitable for low reactance transformers, but not for high reactance 
transformers, because the single-phase loading will set up abnormal 
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leakage fluxes, which, in turn, will set up additional losses due to 
abnormal eddy current in the windings, ironwork, and tank. 

When two three-phase transformers are available, the Sumpner 
test can be carried out as with two single-phase transformers, the 
iron loss is supplied to one side, usually the low-tension, while the 
copper loss is supplied to the other side by means of a boosting 
transformer. In the three-phase case this boost can be carried out 
either single-phase or three-phase, the connections for both tests being 
given in Fig. 264. The single-phase boost is, of course, the simpler, 
but it should only be used with transformers of low impedance, or 
with banks of three single-phase transformers, for the reasons given 
in connection with the delta-delta run. 


EXAMPLES ON CHAPTER XV, 


(1) An alternate current transformer has its primary winding connected 
with mains whose voltage varies according to a sine law, the frequency 
being 50. The secondary coil has 50 turns and gives 100 volts on open 
circuit. The section of the transformer core is 20sq.in. Determine the 
maximum value of the induction density in the core. Prove the formula 


used. (London Univ., 1916.) Ans.—45,200 lines per sq. in. 


(2) A 100 kVA transformer with a secondary voltage of 400 has a 
resistance referred to the secondary of 0-016 ohm, the iron loss of 1,000 watts. 
Plot its efficiency against secondary current for power factors of 1-0 and 0°8 
lagging. Calculate the secondary current at which the efficiency is a 
maximum. 

Ans.—250 amps. 


(3) A 100 kVA transformer stepping down from 2,000 to 400 volts has 
@ primary resistance of 0-17 ohm and a secondary resistance of -0068; the 
reactances are ‘25 and -01 ohm respectively. Calculate the resistance, 
reactance, and impedance referred to the secondary, and hence find the 
per cent regulation on full secondary load of 250 amp. at a power factor of 
0-8 lagging. Check the regulation by the Kapp diagram. 


Ans.—-0136, :02, -024 ohms., 1-43 per cent. 


(4) Give the theory of the open and short circuit method of testing a trans- 
former, and show how from the measurement taken it is possible to calculate 
the efficiency and percentage drop of secondary voltage for a load of known 
magnitude and power factor. 

A transformer to convert 10 KW from 2,000 to 100 volts when tested by 
the above method showed losses which for the open circuit test at normal 
voltage were 200 watts at power factor 0-7, and which, for the short circuit 
test at full load current, were 250 watts at power factor 0-25. Calculate the 
efficiency of the transformer for an output consisting of a full load secondary 
current (lagging) at power factor 0-6. (London Univ., 1915.) 


Ans.—95-5 per cent. 


(5) Calculate the percentage regulation of the transformer in question 4 
when working on the stated load. 


Ans.—9-3 per cent. 

(6) Two 100 kW single phase transformers are connected in parallel both 
on the primary and secondary. One transformer has an ohmic drop of 
$% at full load and an inductive drop of 8% at full load current, zero power 
factor. The other has an ohmic drop of #% and an inductive drop of 4%. 
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Show how they will share the following loads: (a) 180 kW at 0-9 power 
factor ; (b) 120 KW at 0-6 power factor; (C. and G.) 


Ans.—68}4 and 1114 kw. ; (b) 42 and 78 kw, 


(71) How would you test the suitability for banking of two transformers 
(i.e. connecting in parallel) of which the no load ratios of transformation are 
equal and the regulation is unknown. (C. and G., 1922.) 


(8) A system supplies a load which varies in a period of 24 hours as follows : 
6 a.m. to 12 noon, 1,000 kW; 12 noon tolp.m., 100kW; 1 p.m. to 6p.m., 
1,000 KW; 6 p.m. to 6a.m., 300 kW. Energy is transmitted over a line in 
which the losses at full load are 5,000 watts, and is transformed by a trans- 
former having a no load loss of 6,000 watts, and a full load copper loss of 
8,000 watts. Calculate the total losses in transmission and conversion during 
the 24 hours. (C. and G., 1922.) 
Ans.—301-2 kw.-hours. 


(9) A 1,000 KVA and a 500 kVA single phase transformer are connected 
to the same bus-bars on the primary side. The secondary pressures at no 
load are 500 and 510 volts respectively. The impedance voltage of the 
first transformer is 3-4 per cent and of the second 5 per cent. What cross 
current will pass between them when the secondaries are connected together 
in parallel? Assuming that the ratio of resistance to reactance is the same 
in each, what currents will flow in the secondary windings of the transformers 
when supplying a total load of 1,200 kVA. (C. and G., 1923.) 


Ans.—294, 1,750, and 730 amps. (assuming load of unit power factor), 


(10) Two electric furnaces are supplied with single-phase current at 80 volts 
from a three-phase 11,000 volt system by means of two single-phase Scott 
connected transformers, with similar secondary windings. When the load 
on one transformer is 500 kW and on the other, 800 kW, what current will 
flow in each of the three-phase lines (1) at unity power factor; (2) at 0-5 
power factor? Neglect phase displacement in, and efficiency of, the 
transformers. (C. and G., 1921.) 


Ans.—(1) 73, 73, and 63 amp. ; (2) 146, 146, and 105 amp. 


CHAPTER XVI 
ROTATING MAGNETIC FIELDS 


1. THE magnetic field produced by a single phase current is an 
alternating field, and we have seen that this can be resolved into 
two rotating fields travelling in opposite directions. Hence, if one 
of these fields can be eliminated, or if it is not produced at all, then 
a pure rotating field will be left. This necessitates polyphase 
currents. 

2. Consider two coils placed 90° apart and connected, one to 
each phase of a two phase supply, as in Fig. 235. Each coil sets up 
an alternating magnetic field along its own axis, and each of these 
fields can be split up into forward and backward travelling com- 
ponents, having an angular velocity of w, where w = 27f. Consider 
the instant the current in coil Iisa maximum. Then its magnetic 
field is a maximum and in consequence the two rotating com- 
ponents, 1 and 2, are each directed along OX. At the same instant 
the current in coil II is 90° behind its maximum, so that its com- 
ponent fields, 3 and 4, have each to travel 90° before they point 
together along OY. Hence, they are along OX, but pointing in 
opposite directions. Now components 2 and 4 are both travelling 
in a clockwise direction with the same angular velocity. They are 
thus always opposed, so that they neutralize each other at every 
instant. 

Weare thus left with components 1 and 3, which combine together 
to produce a pure rotating field. It will thus be seen that the 
direction of rotation of the resulting field is the same as the direction 
of phase sequence in the two coils; in fact, the resulting field 
points along the axis of any coil at the instant the current in that 
coil is a maximum. Thus, to reverse the direction of the field, it is 
necessary to reverse the phase sequence, which can be done by 
reversing the connections to one of the coils. 

3. Now consider three coils arranged 120° apart, each supplied 
from one phase of a three phase supply, as in Fig. 236. Consider 
the instant the current in coil I is a maximum. Then its two 
rotating fields, 1 and 2, will at that instant be directed along the 
axis OA. The current in coil II is 120° behind its maximum value, 
and therefore, each of its component rotating fields, 3 and 4, has 
to travel 120° before they point together along the axis OB. 
Hence, one of them will at that instant point along OA, and the 
other, along OC, as shown. Similarly, the rotating fields 5 and 6, 
due to the current in coil III, have each to travel 240° before they 
point together along OC. Hence, field 5 is along OA, and 6, along OB. 

Collecting the clockwise fields we see that these are 120° apart, 
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and therefore neutralize one another at every instant. The counter- 
clockwise fields all point in the same direction and they therefore 
combine. to produce a pure rotating field. 

In this case also, the direction of rotation is the same as the 
direction of phase sequence, first coil I has its maximum current, 
then II, and then III. Thus, to reverse the direction of rotation 
of the field the phase sequence must be reversed. The three coils 
will be either star or mesh connected, and all that is necessary is 
to reverse two of the connections to the three terminals. 

4, The above fields are bi-polar fields, that is, they have one N., 
and one §., pole. In a polyphase armature winding the various 


B 


Fie. 235 Fia. 236 
Propvuoction or A Roratina Maenertio Fierp 


phases are separated by an angular distance in space equal to the 
electrical phase difference between the currents in them, so that 
such windings, when traversed by polyphase currents, produce a 
rotating field. In this case the rotating field has as many poles as 
the machines for which the winding is designed. It will thus be 
seen that the armature reaction in polyphase alternators consists 
of a rotating magnetic field which keeps pace with the poles of the 
rotor. The armature reaction is therefore uniform, instead of 
pulsating as in a single phase alternator. Similarly, the torque 
produced by a polyphase synchronous motor is uniform, because 
the pure rotating field set up by the polyphase armature currents 
has no backward rotating component. This property of the motor 
enables it to be rendered self-starting by means of the dampers on 
the pole faces, the action of which in this connection is explained 
fully in Chapter XXI. 

5. Let each of the coils in Fig. 236 produce an alternating field of 
maximum strength H along its axes, then, as with alternating current 
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and voltages, we have the fundamental equation giving the instan- 
taneous value with respect to time 


h=H sinot 
Take as zero time the instant that the rotating vector giving the 
field H, is directed along OA, then we have 


h, = H, sin wt 
h, = H, sin (wt + .20)| 
h, = H, sin (wt + 240) 
or h, = H, sin wt 


h,=-A, (4. in ot 3 cost) 


h,=-4H, (4 sin wt + V3 cos.) 
Now resolve these along OA and a perpendicular axis, and denote 
by X and Y the total components in these two directions. Then 
X =h, +h, cos 120 + hz cos 240 
Y =0-+ hgsin 120 + h, sin 240 
Now put H, = H, = H; = H, and we have 


Yo oe 
2 
Y =3 Heino 


Hence, for the resultant field, we have 
Ay aa (X? a Y2)t 
3 
=5H 


showing that the field is of constant strength, since its magnitude 
is independent of time. 
For its direction 0 with respect to the OA axis, we have 


Y 5 
tan 0 = — — oak Ae tan wt 
X cos wt 

6 = wt 


In other words, the angle 6 is proportional to the time, and there- 
fore the resultant field H, must rotate in space with a uniform 
angular velocity of w. In the example taken the direction of rotation 
of this field is counter-clockwise, because the sequence with which 
the component alternating fields go through their changes in magni- 
tude is in the order I, II, III. If it is required to reverse the direction 
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of rotation of the field it is necessary to reverse this sequence, e.g. 
to change it to I, IIT, II. This is very easily accomplished by chang- 
ing over two of the connections to the coils. Thus, if the coils are 
star-connected, the leads to coils B and C can be changed over. 

6. The Three Phase Power Factor Meter. This instrument is an 
application of the principle of the rotating field, one form of the 
instrument being shown in Fig. 237. Three fixed coils are arranged 
radially, each coil being connected to one line conductor, if necessary, 
through current transformers. The currents flowing through these 


Fria. 357 
Power Factor Meter 


coils produce a rotating magnetic field, say, in a clockwise direction. 
Inside the fixed coils, and free to rotate, is a similar set of high 
resistance pressure coils connected, each across one pair of lines, 
through a series resistance, or, if necessary, through a pressure 
transformer. The pressure coils also set up a rotating field 
which is in the same direction as the field produced by the fixed 
coils. Now if the pressure coils were clamped in the position in 
which they are drawn in the figure, there would be an angular 
distance between the two rotating fields equal to the angle of lag 
of the current. As the pressure coils are free to move, the two 
fields come into line, thus turning the pressure coils through an 
angle equal to the angle of lag of the current. If the current is 
leading, then the pressure coils will be turned in the opposite 
direction. If the current is in phase with the voltage, then, 
with the pressure coils in the position shown, the two rotating 
fields are already in phase, and there is no couple set up on the 
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moving system, which remains in this position. Hence, the dial is 
graduated as shown. 

A disadvantage of the instrument just described is that the liga- 
ment necessary for the leading of the current to the moving coils 
limits the deflection to about 300 degrees, instead of giving perfect 
freedom of rotation. This difficulty has been overcome in the 
moving-iron power-factor meters in which, as the name implies. 
the moving system consists of iron vanes. In the Ockenden instru- 
ment, as manufactured by Messrs. Everett Edgcumbe & Co., Ltd. 


Arrangement 
of Vanes 


Fig. 238. PRINCIPLES OF THE OCKENDEN MOVING-IRON POWER-FACTOR 
; METER 


the rotating field principle is retained, the principle of the instrument 
being indicated by Fig. 238. C,, C,, and C, are the fixed current 
coils which, in virtue of their geometrical spacing, produce a rotating 
magnetic field as shown previously. The pressure coils are flat-fixed 
coils arranged in a stack with their axis perpendicular to the view 
of Fig. 238, so that in plan they appear as a circle, as shown. Each 
phase comprises two of these coils placed close together, and in the 
gap an iron vane can rotate. The pair of coils is wound so that 
unlike poles come together, the vane thus moving in an intense radial 
field. The result of this is that magnetic interference, both from 
neighbouring coils in the same instrument and also from external 
bodies, is eliminated. 


“CHAPTER XVII 
THE ALTERNATOR 


1. In Direct Current Generators the armature rotates under the 
poles of an external field system. In modern alternators the 
construction is the reverse of this, the armature being stationary 
and the field rotating. The advantage of this construction is that 
no difficulty is experienced in insulating the stationary armature 
winding for very high voltages, e.g. as high as 30,000 volts in some 
cases. Also, the current from the armature is collected from fixed 
terminals. The field winding of course requires direct current 
excitation, and since the magnet rotates, this current has to be led to 
the winding by means of two slip rings. This is not a serious 
matter, as the excitation voltage 


Stator Framé ; £ 
PE Yee is low and the power required 
vA for excitation is also small. 
af 


The stator core is laminated 
like a D.C. armature core, ventila- 
Core ting ducts being provided in order 
to assist cooling. It is not 
Armature necessary to laminate the field, 
Windir§ since this carries a continuous 
flux, but sometimes the poles or 


Fia. 239 Fie. 240 
ALTERNATOR CONSTRUCTION CALOULATION OF FREQUENCY 


the pole tips are laminated. A typical alternator construction is 
illustrated in Fig. 239. 

2. Frequency. When a conductor is opposite the neutral planes, 
as at A, C, and H (Fig. 240), its induced E.M.F. is zero. Opposite 
the middles of the poles, at B, D, F, its induced E.M.F. is a maxi- 
mum, its direction depending on the name of the pole influencing 
the conductor at any given instant. The E.M.F. induced in a 
conductor therefore goes through one complete cycle in an angular 
distance equal to twice the pole pitch. 

301 
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.. No. of cycles per revolution == where p = No. of poles. 


Let N = r.p.m. 


A = Y.p.s. 
.. Frequency in cycles per second 
EDT al oa Od 
f= 3 — 120 


Hence, if the speed and frequency are specified, the number of 
poles required is fixed. In a D.C. generator designed to a given 
specification the number of poles is not fixed, and it would be 
possible to design, say, 10 and 12 pole machines of equally good 
performance to the same specification. This definite relationship 
between f, p, and NV has an important bearing on the choice of 
speed of an alternator. Thus if f = 50, then for p = 2, N = 3,000 
r.p.m., while for p = 4, N = 1,500 r.p.m., and speeds intermediate 
between 3,000 and 1,500 are inadmissible. 

The possible speeds of alternators working on a frequency of 
50 cycles per second are, therefore, as given in the following table. 
These are also the speeds at which synchronous motors run, and 
are slightly greater than the speeds of induction motors running 
without any speed-regulating plant in circuit. 


v= 120f _ 6,000 Successive 
os stabs Diff 
Pp ifferences 


It will be seen that when p is large the successive differences are 
so small that they are of little consequence, but when p is so small 
as to bring the speed within the range of turbo speeds, the successive 
differences are very large. 

3. Single-phase Armature Windings. Most alternator windings 
are modifications of the simple wave windings, several of these 
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being shown in Fig. 241. No. I is the simplest possible winding 
and can be referred to as a “ skeleton” wave winding. In winding 


' H 
' 1 
| 


I, 
Skeleton Wave 
Winding. 


IL. 
Hemitropic or 
Half-coiled 
Winding, 


Til. 
Whole-coiled 
Winding. 


IV. 
Distributed 
Winding with 
Spiral Coils. 


iN; 
Distributed 
Winding with 
Lap Coils 


VI. 
Distributed 
Wave Winding. 


t 
* 


Fiqa. 241 
Sinetr Past ARMATURE WINDINGS 


II, the single-turn coils of the skeleton winding are replaced by 
multi-turn coils, so that a higher E.M.F. can be obtained from the 
winding. This winding is called ‘‘ hemitropic,” or half-coiled, 
because the coils only cover one-half of the armature periphery. 
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Skeleton Two-phase 
Winding. 


Skeleton Three-phase 
Winding. 


we ee 


Cee 


f) 
pom merce oec oss, 


‘ 
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Three-phase Concentrated 
Winding. One Slot per 

Pole per Phase 

Three Shapes of Coils. 


Three-phase Concentrated 
Winding. One Slot per 
| Pole per Phase. 
ae A es - Two Shapes of Coils. 
Three-phase Distributed 
Winding with Spiral Coils. 


fi | | 3 Slots per Pole per Phase 


Sfcb-po=: Two Shapes of Coil. 


Fie. 242 
PotypHasr ARMATURE WuINDINGS 


In winding III, the coils are distributed over the whole of the 
periphery, the winding therefore being called whole-coiled. All the 
above windings are “ concentrated,” because there is only one slot 
per pole. Concentrated windings give the maximum voltage for a 
given number of conductors, but the wave form of the voltage 
departs considerably from the desired sinusoidal form. Better 
wave form, at the sacrifice of a certain amount of output, is obtained 
by distributing the winding in several slots per pole. The windings 
IV, V, and VI are examples of distributed windings, the first two 
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having spiral and lap coils respectively. Winding VI is carried out 
in wave fashion throughout. 

The above windings are “single layer’ windings, because each 
slot contains one coil side only. Two layer windings arranged with 
two coil sides per slot, exactly like D.C. armature windings, are 
frequently used. These are considered in the next paragraph. 

4. Polyphase Armature Windings. These windings are arranged 
similarly to single phase windings, the only difference being that 
in a two phase alternator there are two separate single phase 
windings, and in a three phase alternator there are three separate 
windings. In a two phase alternator the separate windings are 
90 electrical degrees apart, thus giving the required phase difference. 
A skeleton two phase winding is shown in Fig. 242. In a three 
phase winding the individual windings are arranged 60° apart for 
convenience, so that the actual phase differences in the induced 
E.M.F.s are, between phases I and IT, 60°; between IT and IIT, 60°; 
between III and I, 240°. The second phase is therefore reversed 
when connected to the terminals, the correct phase relations in 
the external circuit being thus 
obtained. Several types of con- 
centrated and distributed winding 
are illustrated in Fig. 242, their 
arrangements being the same as 
for the single phase windings. 

One of the most commonly 
used windings is the hemitropic 
winding with spiral coils, as 
shown in the last example in 


Ba 


Straight Coil Crant-ended Coil. 


2 


Coil ends 


Fra. 243 Fie. 244 
ARRANGEMENT OF COILS Winpine wits Skew Corn 


Fig. 242. Two shapes of coil are required to carry out this 
winding, @ plane coil and a crank-ended coil, as in Fig. 243. The 
coil ends for this winding are in two “‘ ranges’ to prevent fouling. 
If this winding is used with an alternator having an odd number 
of pairs of poles, then one of the coils has to be “ skew” shaped, 
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that is, one side straight and the other side crank-ended. ‘This is 
easily proved by tracing out the ends of the coils, as in Fig. 244. 
A winding of this type can be used either as a three phase or a 
two phase winding. Consider the winding in Fig. 245. If the 
coil width is equal to the pole pitch, the winding is three phase, 
each phase consisting of straight and crank-ended coils alternately. 
Suppose that the pole pitch is increased to 14 the coil width. Then 
all the straight coils can be joined together in one phase, and all 
the crank-ended coils, joined together in a second phase. If we 
consider any two consecutive coils in one phase, e.g. A and B, the 


Fie. 245 
WINDING ARRANGED FOR EITHER Two- oR THREE-PHASE WORKING 


E.M.F.s in them are not in phase, but since they are joined in series 
they combine to give an E.M.F. in phase with that which would 
be induced in a conductor placed in the position X. Similarly, the 
coils C and D in the second phase give together an E.M.F. in phase 
with that which would be induced in a conductor placed at Y. But 
Y is 90 electrical degrees from 
X, and therefore, the winding 
is a true two phase winding. 
At one time alternator wind- 
ings were almost invariably of 
the single layer type, i.e. with 
one coil side per slot. At the 
present time two layer wind- 


The Front End Connections can be ings are commonly used in 
carried out either Lap on Wave, cases where there are only a 
Fia. 246 few conductors per slot. Fig. 

Two Layer WINDING 246 shows such a winding. 


5. Synchronous Impedance. 
Owing to magnetic leakage fluxes, confined mainly to those portions 
of the winding which project beyond the armature core, an alternator 


’. armature possesses reactance in addition to ohmic resistance. If Lis 


the armature inductance*, then the reactance is Lw. Now if L is 
measured with the field stationary, it will be found to vary with the 
angular position of the field, because this angle decides the relative 
dispositions of the armature coils and the poles. The curve of L 


* In a polyphase machine L will be the inductance per phase. 
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against 6 will therefore be a wavy line and of little practical 
importance. The inductance must therefore be determined under 
working conditions. The simplest method of doing this is the 
Behn-Eschenberg method, necessitating the determination of the 
open circuit and short circuit characteristics. The open circuit 
characteristic is the curve of induced voltage against exciting 
current, with the alternator running at normal speed. The short 
circuit characteristic is the 
curve of armature current 
under short circuit conditions 
against exciting current. To 
determine this, the armature 
terminals are short-circuited 
through an ammeter, and 
@ very reduced excitation 
applied. The excitation is 
then carefully increased until 
full armature current is 
flowing, readings of excita- 
tion and armature current 
having been taken. The 
curve is a straight line and 
it can therefore be projected, 
as shown dotted in Fig. 247, into the normal working portion of 
the diagram. 

Erect a perpendicular PQN at normal excitation ON ; then the 
E.M.F. induced in the armature at this excitation is PN. On 
short circuit the whole of this E.M.F. is used in driving the short 
circuit current through the armature winding against the impedance, 
because the terminal voltage on short circuit is zero. 

PN (volts) #, 

‘ a = 

.. Impedance 5g a a 
This is called the “ synchronous” impedance to indicate that it 
refers to working conditions. 


Now Z=VRt + (Lao) 


TE pg 
° = eno — riety 
: a J (7: 


The quantity L,w is called the “synchronous reactance.” The 
synchronous impedance and reactance as determined by this method 
are rather higher than the values under absolutely normal con- 
ditions, due to the fact that on short circuit such a very low excita- 
tion has to be applied that the field is unsaturated. Other methods 
of determining the synchronous impedance are given in Chapter XIX. 


f IV Excitation 
Fie. 247 
ALTERNATOR CHARACTERISTICS 
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If the synchronous impedance for different excitations is deter- 
mined and plotted against excitation the curve has the form 
shown in Fig. 247. 

It is to be noted that the armature impedance obtained by this 
method is not a true impedance, but is a composite quantity made 
up of the effects of the true impedance and of the effects of armature 
reaction, which, during the short-circuit test, is almost entirely 
demagnetizing. A method of separating this quantity into its two 
components is given in Chapter XIX. 


Example. An alternator has an armature resistance of 0:3 ohm. When a 
small excitation is applied the open circuit voltage is 50, the short circuit 
current for the same excitation being 40 amp. Find the synchronous 
impedance and reactance. 


Z = ——_open circuit volts 
corresponding short circuit current 
= 
40 
= 1-25 ohm 
Lo = V2 = I aie V/ (1-25)? = (0:3)? 
= 1-22 ohm. 


6. Voltage Characteristics. Since an alternator possesses resist- 
ance and reactance there is a drop in terminal voltage with 
increase of load, exactly as in the case of a transformer. 


Let EH, = E.M.F. induced in the armature In a polyphase 


= terminal voltage at no load pa eee ies 
V = terminal voltage on load phase. 


@ Then if the load current J 
lags at an angle @ behind the 
terminal voltage V, the 
vector diagram is as in Fig. 
248, where AB = RI the 
resistance drop, BC = L,I, 
or XI the synchronous re- 


. actance drop, and AC = ZI] 
Fig. 248 the total drop. In modern 
ALTERNATOR VEcTOR DraqgRam machines KR. is small com- 


, Rs : ‘ pared with X, so that very 
little error is introduced in neglecting the resistance drop, especially 
on inductive loads. From the diagram, we have 


H,2 = V? + (ZI)? —- 2V x Zl cos (90 + @) approx. 
= V?+ (ZI) + 2V x Zi sin 
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Now £, ZI, 
where J, = short circuit current with normal excitation 
(ZI ,)? V2 + (ZI)? + 2V x ZI sing 


A Wielis Ls ay" 
1=(q) +2 gp snet (7) 
The variables in this equation are V, J, and gy, and by taking 
different values for I a family of V/J curves can be drawn, each 
curve corresponding to a definite value of g. It will be seen that 
whatever the value of @ all the curves will have the same intercept 
on the voltage axis, namely, #,, and the same intercept on the 
_ eurrent axis, namely, J,, the short circuit current. The curves for 
various values of the power factor, cos gy, are shown in Fig. 249. 
An examination of the curves shows that the drop in volts depends 
upon the power factor, being small when cos 9 is unity, and large 
when cos 9 is less than unity, lagging, i.e. with an inductive load. 
If the load contains capacity then there may actually be a rise in 
terminal voltage, this rise increasing as the power factor (leading) 
decreases. : 

The phase angle py of the current J with respect to the induced 
E.M.F., E, is called the “ internal ” phase angle. 

It is usual to express the voltage regulation of an alternator in 
terms of the rise in voltage when full load is thrown off. Thus, if 
the terminal voltage on load is V, it will rise to H, on throwing off 
the load, and we have 


I 


x 100 


% regulation = — y 

The rise of voltage on throwing off the load is not the same as 
the fall of voltage on applying the load, for the following reason. 
In Fig. 250 the magnetization characteristics for no load and full 
load are drawn, and a horizontal drawn 
to give the normal terminal voltage. If 
the alternator is on no load the working 
point will be A, and on throwing on the 


Terminal Volts 


Terminal Volts 


Armature Current. Excitation 
Fie, 249 Fie. 250 
ALTERNATOR CHARACTERISTICS 
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load without increasing the excitation, the new working point will 
be B, the drop in volts being therefore AB. If working on full 
load, the excitation has to be increased in order that the terminal 
voltage may now be normal, the working point being C. On 
throwing off the load the rise of voltage is CD. Since the two 
curves are not exactly parallel, AB and CD are not equal. 

It is now usual to express the regulation of an alternator as the 
percentage rise of voltage when full load is thrown off, and not by 
the percentage fall when full load is thrown on. The former value 
is called “regulation up” and the latter “regulation down.” 

A few years ago it was common practice to build alternators 
with a “‘ close” regulation, that is, the variation in terminal voltage 
with load was small. Such machines were costly, and suffered from 
the serious disadvantage that their internal reactance was so small 
that in the event of accidental short circuit, the initial value of 
the short circuit current was so high that the mechanical forces set 
up on the projecting ends of the windings invariably wrecked the 
machine. At the present time alternators are designed to have a 
fair amount of internal reactance, and they can be repeatedly 
short-circuited with impunity. They suffer in consequence from 
a big variation of terminal voltage with change in load, but this is 
looked after by automatic voltage regulators. (See Chap. XIX.) 

Average values of the per- 
centage regulation are 8 or 
10 per cent on full non-induc- 
tive load, and 20 per cent on 
an inductive load of power 
factor 0:8. 

Example. The alternator in 
the example on page 308 
Fie. 251 supplies 100 amp. to a feeder of 


resistance 1-5 and reactance 2:0. 


. The voltage at the far end of 
the feeder is 3,000, the load current having a power Poi of 0-8 (lagging) 


with respect to this voltage. Find the terminal volta f the alt 
and also the E.M.F. generated. Bee. eee 


Resistance drop in feeder, 4B in Fig. 251 = 100 x 1-5 = 150 oe 
Reactance drop in feeder, BC in Fig. 251 = 100 x 2-0 = 200 volts 


.. Taking X and Y component of the alternator terminal 
voltage V,, we have 
(Vi)x = 3,000 + AB cos » + BC sin 
= 3,240 
(Vi)y = BC cos y-ABsing = 70 
. Vy = V3,240? + 70? = 3,240 approx. 
Resistance drop in armature, CD = 100 x 0:3 = 30 volts 


.. Total resistance drop, AD’ = 150+ 30 = 180 volts 
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Reactance drop in armature, DH = 100 x 1-22 = 122 volts 
.. Total reactance drop, D’H = 200 + 122 = 322 volts 
*, Taking X and Y component of the total induced voltage 
(Z,), = 3,000 + AD’ cos gy + D’E sin p 


= 3,360 
(E,)y = D'Ecosy-AD’ sing = 150 
E, = V3,360? + 1502 = 3,363 volts approx. 


7. Armature Reaction. Consider an individual armature coil, 
as shown in Fig. 252. Each coil side has the maximum E.M.F. 
induced in it when it is opposite a pole centre, and therefore, the 
coil as a whole has the maximum E.M.F. when it is opposite an 
interpolar gap. The curve of E.M.F. with respect to the position 
of the centre of the coil is therefore a sine wave whose crest and 
trough values lie in the interpolar gaps. This curve is indicated 
by a heavy line. 

(a) Purr Resistance Loap. The current is in phase with the 
voltage, and therefore the position of the coil for maximum current 
will be the same as the position for maximum voltage ; in other 


words, the current ; : H 
Ly fee 
af 


curve, shown dotted, 


i 


and the voltage curve, 
will be in phase. (Dia- 
gram (a).) 

In the position (a) 
shown coil the there- 
fore carries maximum 
current, whose direc- 
tion at the instant 
illustrated is inwards 
under the N. pole and 
outwards under the 
S. pole. The magnetic 
flux set up by the coil () 
is therefore downwards 
and produces a mag- 
netization of the trail- 
ing half of a main pole 
and demagnetization 
of the leading half. (C) 
The effect of armature 
reaction in this case is 
therefore one of distor- 
tion of the field form, as : : 
in the case of the cross- Fie. 252 
magnetizationina D.C. To InuustrRaAtTE ARMATURE REACTION 


generator. The effect 


t 
t 
| 
H 
H 
‘ 
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in the alternator is not very strong because the coil, when carrying 
maximum current, is opposite the interpolar gap, and therefore, in 
the position of maximum reluctance. 

(6) Purety Iypuctivz Loap. The current lags 90° behind the 
voltage, and therefore, the coil has to advance 90° (electrical degrees) 
from the position shown in diagram (a) before the current reaches 
its maximum value. The current is then in the same direction as 
before, and comparing the directions of the armature and main 
fluxes, we see that with an inductive load, the armature reaction is 
demagnetizing. Also, the coil is in a favourable position for pro- 
ducing a strong flux because it is directly opposite a main pole. 
Thus there is a strong demagnetizing action. 

(c) Pure Capacrrance Loap. In this case the current leads the 
voltage by 90°, so that the coil will carry its maximum current 90° 
before it reaches the position shown in diagram (a). Hence, in 
this case the armature reaction exerts a strong magnetizing action. 

It is to be remembered that the flux produced by a single-phase 
armature is an alternating flux, and is therefore pulsating in nature. 
We have seen that the armature flux of a polyphase alternator is a 
rotating flux which keeps pace with the poles of the rotor. It is 
therefore uniform instead of pulsating. 

In the above discussion the angle of lag or lead referred to is the 
internal phase angle, the armature itself being included in the load. 


WY 


a 


| <d t 


YY 


a esc eee 
i t ' H : 
Fie. 253 Fia. 254 
ALTERNATOR VEcTOR D1aAGRAmM CALCULATION or E.M.F. 


With a load which is partially inductive or partially capacitive, 
there is cross-magnetization in addition to direct demagnetization or 
magnetization. The demagnetizing flux induces a voltage HZ, in the 
armature in direct opposition to that induced by the main flux, and 
the excitation has to be increased in order that the total induced 
E.M.F, may have an additional component equal and opposite 
to Hg. The cross flux produces a voltage #,, which is in quadrature 
with the main E.M.F., since the cross and main fluxes are at right 
angles in space. The complete vector diagram of an alternator 
when armature reaction is taken into account is therefore as shown 
in Fig. 253. 

OA = terminal voltage V 

AB = resistance drop in armature 


THE ALTERNATOR 313 


BC = synchronous reactance drop 

CD E.M.F. induced by cross flux 

DE = component of the total E.M.F. to neutralize Z a 
OH = total induced E.M.F., 2, 

8. The E.M.F. Equation. Consider a full pitch coil, i.e. one of 
width equal to the pole pitch. As this coil moves from the position 
A to the position B (Fig. 254), the flux linking with it changes 
from ® to zero, ® being the flux per pole. Hence, if the coil has 
m turns, the change of linkage is @n, and the average E.M.F. 
induced in it is 


L., = oe x 10° volts 


I 


where ¢ is the time in seconds required to move a distance equal 
to AB. Obviously ¢ is one-quarter of the periodic time T 


Pad 4f 


* Han = 40nf <X'10* 
Hence, assuming a sinusoidal wave form, 

Euyy == 1:11 X Ey, 

= 4-44 Onf x 10° 
If there are C coils, then total number of turns in all the coils = Cn, 
and for the total voltage induced in all the coils, we have 
HE, = 4:44@(Cn)f x 10° 
Again, the product Cn is equal to Z/2 where Z is the number of 
conductors, since each coil has two sides. 
.. Finally £, = 2-220Zf x 10° volts 
If the wave form is not sinusoidal, then the form 2B 

factor will probably be different from 1-11. If we 
put k, for the form factor, we have 


H, = 2k,OZf x 10°° volts 


This equation is correct for concentrated windings, 
in which the E.M.F.s induced in all the individual 
turns of any one coil are in phase. If the winding 
is distributed, then the E.M.F.s induced in the 
various parts of a coil are not in phase, and this has 
to be taken into account. Fig. 255 shows the vector 
diagram for the distributed coil, in which the coil sides 
are displaced atan angle y. The E.M.F.s, £, induced 
in each coil are equal in magnitude, but there is a Fig. 255 
progressive phase difference of y. The vector diagram CatovuLaTion 
for the complete coil is therefore a polygon, and yet rane Sed 
the closing side gives the total E.M.F. in the coil. ie es 
If there are m sections in the coil, there are m sides, and therefore 
the closing side is 
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sin y 


If all the E.M.F.s had been in phase, the total E.M.F. in the 
coil would have been mH ; hence, by distributing the winding, the 
EH.M.F. is reduced in the ratio 


- mm 
sin “Y 


in? 
ia 


This ratio is called the ‘‘ breadth factor.” Taking this factor into 
account, the complete expression for H, becomes 
1B = 2k, k,OZf x 10°8 


Example. A six-pole alternator rotating at 1,000 r.p.m. has a single-phase 
winding housed in three slots per pole, the slots in groups of three being 20° 
apart. If each slot contains 10 conductors, and the flux per pole is 2 x 108 
lines, calculate the E.M.F. generated, assuming a sinusoidal flux form, 


® = 2x 10°; Z=18 x 10 = 180 conductors 
fo __ 1,000 X 6 __ 59 


120 120 
k, = 1-11 for a sinusoidal field form 
sin 
k,=- , where m = 3 and yp = 20 
ele 
Fah oat 30 .96 
3: sin 10 
My = PIT X06 xX 2 2 x 108 E80 50 x 10 
= 382 volts. 


Examples ON CHaptuR XVII. 

(1) If a single-phase alternator has 8 slots per pole uniformly spaced, but 
the winding is arranged with the middle two left empty, find the breadth 
coefficient. Ans.—0-79 


2) Asingle-phase alternator of P poles has a large number S slots per pole, 
each containing one conductor. If the R.M.S. value of the E.M.F. induced 
in each conductor is 10 volts, what is the total voltage induced ? 


Ane SUN? ee, 
tT 
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(3) A single-phase alternator has an armature resistance of 0-1 ohm, 
When excited to give 50 volts and then short-circuited, the short-circuit 
current is 200 amp. To what induced voltage must the alternator be excited 
if it is to deliver 100 amp. at a power factor 0-8 lagging, with a terminal 


voltage of 200? Ans.—222 volts 


(4) A single-phase alternator is excited to 1,000 volts at a frequency of 50. 
Its armature resistance is 0:8 ohm, and synchronous reactance, 3 ohms. 
Calculate what length of unloaded cable of capacity $ microfarad per mile, 
must be connected to its terminals to produce resonance. Calculate the 
terminal voltage when this occurs. If the flux per pole is 10® lines, and the 
product of form factor and breadth factor 1-0, calculate the number of 
armature conductors. 

Ans.—3,200 miles; 3,750 volts; 1,000 conductors. 


(5) The field form of an alternator measured from the neutral plane to the 
middle of a pole is 


Distance in cm. . 0 1 2 3 4 5 to 10 
Induction in gap 


lines per sq. cm. 0 400 2,100 4,500 6,600 8,000 


symmetrical about the centre. The active length of conductor is 40 cm. 

All the 2000 conductors are housed in equally spaced slots 4 per pole, all the 

slots being filled. If the frequency is 50, find the induced E.M.F. 
Ans.—8,400 volts. 


CHAPTER XVIII 
THE SYNCHRONOUS MOTOR 


1. The Synchronous Motor is the alternator run as a motor. Direct 
current excitation is supplied to the field, exactly as when working 
as a generator ; but there is no prime mover, the necessary driving 
torque being obtained by armature current flowing from the line 
to which the armature is connected. 

Fig. 256 shows two poles of the rotor and stator, the stator poles 
being indicated as salient poles for convenience. The rotor poles 
retain the same polarity throughout, but the stator poles advance 

at synchronous speed, since they are mag- 


Seaton ee netized by polyphase currents. Imagine 
first of all that the rotor is stationary. 
<5 ley Then, if at any instant A has N. and B 


has S. polarity, the rotor will tend to move 


es Ss in a counter-clockwise direction. Half a 
Rotor period later the stator polarity will be 
amas reversed and the rotor will now attempt 


Tre. 256 to rotate in a clockwise direction. The 
ey pe matte torque on the rotor is thus an alternating 
Synonronous Motor .. one, and owing to its inertia the rotor does 
OPERATION not move inany direction. The motor is 
therefore not self-starting. Suppose now, 
that the rotor is travelling in a clockwise direction. Then, to 
maintain this motion, poles A and B must have S. and N. polarity 
respectively in the position shown. When the rotor has moved a 
distance equal to the pole pitch, its N. pole will be under the stator 
pole B, which must therefore have reversed its polarity from N. 
to 8. if the motion is to be maintained. Hence, as the rotor moves 
a distance equal to the pole pitch, the stator polarity must reverse, 
that is, the alternating current supplied to the stator must have 
passed through one-half cycle. But this takes place when the 
machine is functioning normally as an alternator, and therefore, 
for both alternator and synchronous motor, we have the same 
definite relationship between N, p, and f, namely 
_ Nop _ 120f 
7 oo N : r.p.m. 
Such a motor, working on a supply of fixed frequency, will only run 
at that particular speed at which it would have to be driven if 
working as an alternator, to give a frequency equal to the supply 
frequency. Hence the name, synchronous motor. 
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2. Nature of the Torque. If single-phase current is supplied to 
the stator produces an alternating magnetic field which, by Ferrari’s 
principle, can be split up into two rotating fields of half its amplitude, 
and travelling in opposite directions at synchronous speed. For, 
consider two such rotating fields both starting from the X axis at 
zero time, and rotating with angular velocity w (Fig. 257). Then, 
after any time ¢ 

X component of No. 1 = H cos wt 
X component of No. 2 = A cos wi 
*. Total X component 
Y component of No. 1 
Y component of No. 2 
*, Total Y component 


¥ 
Ne 
tat 
O xX 
3 Light Load. Heavy Load. 
OA= Total Attraction. 
he ys OB- Tangent/al Component. 
Fia. 257 _ Fie. 258 
ComPOSITION OF ROTATING SynoHrRonous Moror UNDER 
FIeLps Varyine Loap 


Hence, the two rotating fields resolve into an alternating field, 
2H cos wt, of twice their amplitude. Conversely, an alternating 
field can be resolved into two rotating fields travelling in opposite 
directions at synchronous speed. 

If the motor is run up to synchronous speed in any direction and 
then switched on to the supply, it will continue to run at that speed 
under the influence of the rotating component travelling in the 
same direction. Call this component the forward component, and 
the other, the backward component. Then the forward component 
will produce a uniform torque on the rotor, but the backward 
component, having an angular velocity relative to the rotor of 
twice the synchronous velocity, will produce an alternating torque. 
The resulting torque is therefore pulsating, the frequency of the 
pulsations being twice the supply frequency. This is a very serious 
disadvantage of the single-phase synchronous motor, but we shall 
see that it does not apply to the polyphase motor. 

If, however, polyphase current is supplied to the stator then a 
pure rotating field will be produced and the rotor will run at 
synchronous speed in the same direction as this field. 
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We have seen that the motor runs at a fixed speed. If the load 
is gradually increased, then the rotor poles fall back more and 
more behind the poles of the forward component of the field, in 
order that the tangential component of the magnetic attraction 
between the two sets of poles shall increase. This is illustrated in 
Fig. 258. It is obvious that as the load torque is gradually 
increased, a point will be reached at which the increasing distance 
between the rotor and stator poles causes the tangential component 
to decrease instead of increase. The motor then stops, since it 
can only run at synchronous speed or not at all. This value of the 
torque is called the “ pull-out ” torque. 

3. Vector Diagram of the Motor. In order that a direct current 
machine may act as a motor, we have seen that its induced E.M.F. 
must act in opposition to the 
armature current. In the case 
of an alternating current 
machine, it will function as 
a@ motor if the induced E.M.F. 
has a component in opposition 
to the armature current. 
Bearing this in mind, we can 
construct the vector diagram 
as follows. Let OA (Fig. 259) 
represent the applied voltage 
HE, and let AB represent the 
motor induced E.M.F. Then 
OB, the resultant of OA and 


Fic. 259 AB, is the resultant E.M.F. 
8 acting in the armature circuit. 
Ini PING age Callinggtigtrsncianie tala 


E,, we have, current 
I =F lagging an angle 6, where 
tan 9 = X/R, the various quantities referring to one phase. 


Represent the current in phase by OJ. Then 7 AOI = gy, the phase 
of the current with respect to the applied voltage. Draw OY 
inclined m to OB. Then / YOB = gq, and since OB (= E,) is pro- 
portional to the current, the vector OB, when referred to OY, 
represents the current in both magnitude and phase. 

Then intake of the motor, or intake per phase with a polyphase 
motor 

W = EI cos 


= i x BM 


where BM is the perpendicular dropped from B on to OX. But E 
is constant. Hence, intake is proportional to BM. Thus, if the 
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motor is working with constant intake, the locus of the working 
point B is the parallel to OX through B, since the parallel is at a 
constant distance from OX. Hence, we can draw a series of parallel 
lines on the diagram, each line corresponding to a definite value of 
the intake. These “ power” lines are shown dotted in Fig. 260, 
and it is obvious that for equal increments of intake they will 
be equally spaced. ; 

The length AB is the induced E.M.F., and since the speed is 
constant, this length also represents the excitation of the motor. 
We thus have 


OA = applied voltage 
AB = excitation 
OB = current 

Cos 4 YOB = power factor 


Perpendicular distance from working point B to the zero power 
line is proportional to the intake. 

If the working point B is above y y’ 
the horizontal OA the machine 
will be working as a motor, but if it 
is below OA the machine will be (oy.--|.---.-----------|------ 
generating. Since the angle @ is 
very nearly 90° because R is so 
small, little error is made in taking 
6 equal to 90°. This is done in 900---+--§/7; 
subsequent diagrams. 200 ~---b ann fon Sona onnnnnn dan ane 

4. Operation with Fixed Excita-  ,g9---4-4...-.-------------- 
tion. If the excitation is fixed, 9 


then AB is fixed, and the locus of 0 A 

B is a circle, shown dotted (Fig. Fia. 260 

260), with A as centre and AB as OPERATION aT CoNsTANT 
EXxcrraTiIon 


radius. Suppose the load is such 
that the intake is 100kW; then the working point will be 
at B,. If the load is increased, the intake will have to increase, 
and therefore, the working point will have to reach a line of greater 
power. To do so it must travel along the circle in a clockwise 
direction. Thus it might travel to B,, and it will remain there as 
long as the load remains at the new value. If the load is 
gradually increased, then the working point will travel round the 
circle until it reaches B,, at which the intake is obviously a maxi- 
mum. For a further increase in load, the point will travel on to 
a line of smaller power. Such a condition is impossible, since an 
increase in load naturally demands an increase in power, and the 
whole of the diagram to the right of AY’ therefore represents 
unstable operation of the motor. The intake B,A is thus the 
maximum intake for the given excitation, and if the motor losses 
are deducted from this, and the resulting output divided by the 
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speed, the pull-out torque is obtained. We see that the pull-out 
torque depends upon the excitation, and the maximum possible 
value of this torque is fixed by that value of the exciting current 
which causes the maximum allowable temperature rise of the field 
windings. 

5. Operation at Constant Power. The locus of the working 
point in this case is obviously one of the lines of constant power, 
say, 300 kW. The inde- 
pendent variable is the 
excitation. If the exci- 
tation is small, the work- 
ing point will be at B,, 
say (Fig. 261). The cur- 
rent OB, will be large 
and the angle of lag y, 
will be large. The power 
factor will therefore be 

Fie. 261 low. As the excitation 

OPERATION AT ConsTANT POWER is increased, the working 
point will move along 

the 300 kW line towards the left, and for one particular value of 
the excitation, will be at B, on OY. For the given power, the 
motor current is now a minimum, and the power factor is unity, 
the current being in phase with the applied voltage. A further 
increase in excitation will bring the working point to B,, to the 
left of B,. The current has now increased again, but it is leading 


a 
Excitation 
Fia. 262 


Syncuronous Motor CHARACTERISTIOS 


Current = Current | 
Lagging , Leading Oe oe 


oe ae 

yee 

sf 
N 


Power Factor 


Excitation 


instead of lagging, the angle of lead increasing as the excitation 
is increased. We thus see that an over-excited synchronous motor 
takes a leading current, a property which renders the motor 
extremely valuable as a phase advancer or power factor corrector, 
that is, a machine which takes a leading current, thereby bringing 
the total current taken from the supply more nearly in phase 
with the voltage. A condenser will, of course, perform the same 
function, since, neglecting the very small dielectric losses in it, it 
takes a current leading by 90°. Phase advancers will be considered 
in more detail in Chap. XXIV. 
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If the motor current is plotted against excitation, the intake 
being constant, the characteristic obtained (Fig. 262) is called the 
“V” characteristic, from its shape. There is a family of such 
characteristics, each curve of the family corresponding to a definite 
intake. The curve of power factor against excitation is an inverted 
V, as shown. 


Example. An alternator has an armature resistance of 0:5 ohm and 
synchronous reactance of 0-866 ohm. It is running as a synchronous motor 
on a 200 volt supply, the mechanical load on the shaft, including iron and 
friction losses, being 6-5kW. The current taken is 50 amp. Find two 
possible phase angles of the current and two possible induced E.M.F.s. 


Armature copper loss, J? = 50 x 50 x 0:5 = 1,250 watts 


.. Intake = 6500 + 1250 = 7,750 watts 
W 7750 
oF Po f t SS ee ee ee TTS 
wer factor COs BI ~ 300 x 60 0 


gy = 39° lagging or leading 
The angle 6 (Fig. 240) = tan! = = tan! 1-732 = 60° 


”. Phase angle, / BOA = 60-39 = 21°: or 60 + 39=99° 
Also, resultant E.M.F.. OB = IZ =50 x VR?+ X? = 50 volts 
*, AB? = 0A* + OB*-20A x OB. cos 1 BOA 
= 40,000 + 2,500 — 20,000 (cos 21° or cos 99°) 
*°, AB = 154 volts or 214 volts. 


The method of drawing the “V”’ characteristic is as follows. The 
vector diagram with the lines of constant power is first drawn, and 
a series of concentric circles with centre at A then drawn to give a 
series of back E.M.F.s. The intersections of these circles with the 
lines of constant power will then locate the working points for speci- 
fied powers and specified back E.M.F.s. The next step is to convert 
from back K.M.F.s to exciting current, and this necessitates a 
knowledge of the magnetization characteristic, a very convenient 
construction being to incorporate this characteristic in the diagram 
as shown in Fig. 263. Thus, for a power of 600 kW, the working 
points for the range of back E.M.F.s shown in the figure are B,, B,, 
B,, . . . B,, the current being OB,, OB,,OB;, . . . OB,; the back 
E.M.F. vectors are not drawn. as there is no necessity to confuse the 
diagram by their presence. The various back E.M.F.s are projected 
on to the magnetization characteristic, giving for the corresponding 
exciting currents O’M,, O’M,., . . . O’M,. The above line currents 
are now plotted against these values of the exciting current, thereby 
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giving the “ V” characteristic for the particular power of 500 kW. 
Similarly, the characteristics for other powers can be drawn. If the 
angle of lag or lead of the various currents are measured the power 
factors can be calculated, and the curves of power factor against 
exciting current also drawn. By drawing a semicircle with O as 
centre and calling its length 100, the intersection of the various 
current vectors with this semicircle can be projected on to OY, 
thereby giving the percentage power factors graphically, but this 
construction is not shown in Fig. 263. 

6. Phase Swinging or Hunting. We have seen that when a 
synchronous motor is loaded, the rotor poles fall back a certain 
angle behind the poles of the forward rotating field, in order that 
sufficient tangential force may be set up to produce the necessary 
torque to cope with the load. If the load is suddenly thrown off, 
the rotor fields are pulled into almost exact opposition to the 
poles of the forward field, but because of the inertia of the rotor 
the rotor poles travel too far. They are then pulled back again, 
and so on; an oscillation thus being set up about the position of 
equilibrium corresponding to the new conditions of load. It will 
be seen that these oscillations will be set up whenever the load 
varies, and if the variations in load are periodic and synchronize 
with the natural period of oscillation of the rotor, mechanical 
resonance will be set up and the amplitude of the swing of the 
rotor poles relative to the poles of the rotating field will become so 
great that the motor will fall out of step. It is therefore evident 
that some damping couple must be introduced, so that, in the 
event of oscillations being set up, they will be immediately damped 
out and no large amplitude of swing obtained. These dampers 
take the form of heavy copper grids housed in the pole faces. 
When the motion is uniform, there is no relative motion between 
the rotor and stator forward rotating poles, and no currents induced 
in the dampers. If hunting takes place, the relative velocity of the 
two sets of poles induces heavy currents in the dampers, and the 
kinetic energy of oscillation is thus damped down by being 
converted into heat energy in the dampers. 

An expression for the period of swing of the rotor can be deter- 
mined as follows. Suppose the motor is working on no load, and 
imagine for simplicity that there are no losses. ‘Then the supply 
voltage H and the motor induced voltage H, will be equal and 
opposite so long as the motion is steady. If for some reason the 
rotor is displaced relatively to the stator field by a small angle 0, 
then one vector will swing round 
through the angle 0, and a result- 
ant voltage H, will be set up x 
(Fig. 264). For small values of Easier Dte 
0, E, is proportional to 6. We pagent iow Sa i 
have, in fact, H, = E x 0. 9 


12—(T.5432) 


* 
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Now £, will set up a current through the armature, of magnitude 
I = E,/Z, lagging very nearly 90° behind Z, in the case of a modern 
machine with high reactance. Thus J will be nearly in phase 
with E, so that the power conveyed by I will be 
egg 
= FI=Hx=t=—x E06 
W x ZZ x 
= HIO 
where I, is the short-circuit current corresponding to normal 
excitation. If the angular velocity of the rotor is Q radians per 
second, the torque set up by the current I will be 


Torque ss ea POMOE eRe AO say. 


If K is the moment of inertia of the rotating masses this torque 
will be utilized in accelerating the rotor so long as there is no 
damping. 


. 7a = 
. K+ 40 =0. 


This is the differential equation of a simple harmonic oscillation, 
and comparing it with the equation 


we see that the frequency of the oscillations set up is 
if => , or in the case of the motor 
7 

iT, 
KQ 

This is the frequency of the oscillations when there is no damping. 
If the pole faces are provided with damping windings, then there 
will be a retarding torque set up proportional to the angular velocity 
of phase swing. The effect of this torque is to damp out the 
oscillations and also to diminish their frequency. 

These pole-face damping windings are also used in starting up 
the synchronous motor, but as their action is then that of an 


induction motor this method of starting will be dealt with in 
Chapter XX. | 


I 
homies 


EXAMPLES ON CHAPTER XVIII. 


(1) A single-phase synchronous motor rotates at 1,000 r.p.m. on a 500 volt 
supply. Its armature resistance is 0-1 ohm and reactance 0:5 ohm. If it can 
be excited up to an induced voltage of 2,000, calculate its pull-out torque. 
Draw the vector diagram for the motor and from it deduce the “‘ V ” curves. 


(2) A single-phase synchronous motor for use on a 500 volt circuit gives, 
when running as a generator, a short-circuit current of 150 amp. with normal 
excitation applied. The armature resistance is 0-2. To what voltage must 
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the motor be excited so as to develop 40 h.p. at unity power factor, the 
mechanical losses being 5 h.p. ? What will be the armature current ? 


Ans.—549 volts, 67-2 amps. 


(3) A single-phase alternator, when driven at 1,000 r.p.m., has a magnetiza- 
tion characteristic as follows— 


Exciting current . A 30 60 90 120 150 
Open circuit volts . : 460 820 1,040 1,200 1,300 


A short-circuit current of 200 is produced when the exciting current is 40 amp. 
The armature resistance is 0-4 ohm. Plot the curve of current against 
exciting current with a constant intake of 100 kW at 1,000 volts when running 
as a synchronous motor at 1000 r.p.m. 


(4) A three-phase synchronous motor, when working on constant pressure 
mains at constant load, takes a current which varies with the excitation. 
Explain this result, and show how the “‘V” curve of the motor may be 
estimated approximately from the magnetization curve. (London Univ., 
1924.) 


CHAPTER XIX 


VOLTAGE REGULATION AND PARALLEL OPERATION 
OF ALTERNATORS 


1. Preliminary Data. In order to determine the voltage regulation 
of an alternator, without actually putting the machine on load, itis 
necessary to know the armature synchronous impedance (see Chapter 
XVII). In the case of a polyphase alternator the synchronous 
impedance per phase is required. The open circuit and short 
circuit method of determining this was considered. This is the 
method usually adopted in practice, mainly because it does not 
present any great experimental difficulty. -I'wo other methods are 
explained below, but these are not so frequently used. 

2. The Ampere-turn Method. This method, which was invented 
by Rothert, necessitates the determination of the open circuit 
and short circuit characteristics, but the data are used differently. 

On open circuit, the excita- 


w {8 tion required to produce # 
Sty) OH ------ pale volts at the terminals is equal 
Sax to the abscissa OM (= 1,, say) 
® iS S (Fig. 265). With full load 
S18 current J circulating in the 
Orr es armature, the necessary exci- 
& tation during the short circuit 
Ate : test is ON (= 1,, say). This 
excitation (a) induces an 

Ree sat E.M.F. which is used entirely 

3 in overcoming the synchronous 


i902 impedance of the armature, 
(6) overcomes the demagnetiz- 


Fra. 265 ing effect of the armature 
AMPERE-TURN MerHop or Catcutatina reaction. Also, during this 
REGULATION test the current lags nearly 90° 


because of the small resistance 
of a modern alternator, and therefore, the armature reaction is 
almost entirely demagnetizing. The excitation necessary to produce 
a terminal voltage of # when the armature is delivering a current J 
under actual working conditions is equal to the vector sum of the 
separate excitations 7, and 7. It is necessary to take the vector 
sum of 7, and i, because the demagnetizing effect of the armature 
reaction depends upon the power factor of the load. Now when 
the internal angle of lag is 90°, the armature reaction is wholly 
demagnetizing. As the angle of lag is decreased, the demagnetizing 
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effect is decreased, being, in fact, proportional to the sine of the 
phase angle. Hence, if the regulation for a load current I of power 
factor cos ¢ is required, the excitation 7, is set off, and t, is inclined 
at an angle (90—¢) to 7,, as shown. The resultant, 7, gives the 
total excitation necessary under actual working conditions. 

This method is sometimes called the “ optimistic’? method, 
because it gives results which are somewhat more favourable than 
the characteristics under normal working conditions. 

3. The Wattless Current Method. This is due to Potier. The 
magnetization characteristic, i.e. the curve of terminal volts against 
excitation, is plotted first at no load, and then when the armature 
is delivering full load current at zero power factor (Fig. 266). The 
point A on this curve 
obviously corresponds to 
the armature short-cir- 
cuited. The excitation 
OA consists of two parts, 
(a) that required to over- 
come the demagnetizing 
effect of the armature 
reaction, which, as 
explained before, is 
almost entirely demag- 
netizing on short circuit ; 
(5) the excitation required 
to supply the voltage Fie. 266 
drop due to the synchro- WartiEss CuRRENT METHOD 
nous impedance. 

At any point P, a horizontal PQ, equal to OA, is drawn. From 
Q, QR is drawn parallel to the tangent O7' at O to the no load curve, 
RP is then joined, and the perpendicular RS, drawn. Since the 
inductance of the armature is due almost entirely to magnetic 
leakage fluxes which take paths through the air, the portion QS 
of the total excitation represented by QP is equal to the excita- 
tion required to supply the reactance drop. The perpendicular 
SR is therefore equal to the reactance drop, V, say. If the 
armature current is kept throughout at J amp. during the deter- 
mination of the wattless current characteristic, then the reactance 
drop is equal to LwI. Hence, Lwl = V. 


en circuit 


Terminal Vo/ts 


Excitation 


.. Synchronous reactance = us 


The length SP is the excitation required to overcome the armature 
demagnetizing effect. This method therefore enables this effect 
to be determined experimentally. If there were no armature 
reaction, the excitation could be reduced from OM to ON, the 
terminal volts remaining equal to PM. If the armature had no 
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reactance, the terminal voltage would rise from SN(= PM) to RN. 
Now both armature reaction and reactance drop in volts are pro- 
portional to the current, and since the current is kept constant 
during the test, it follows that the triangle RSP fits the two curves 
at all points, as shown. Hence, it is necessary to determine two 
points only on the wattless current curve, namely A and some 
point such as P. The no load magnetization curve can then be 
shifted parallel to itself in the direction RP until it fits the two 
points A and P. It then gives the wattless current characteristic. 
The disadvantage of this test lies in the fact that it is very difficult 
to obtain an inductive load of large capacity. Chokers can be 


Short-circu/t Current 
Terminal Voltage 


Fie. 267 


used for small machines, but the most convenient load for a large 
machine consists of a number of synchronous motors running idle 
with their excitations reduced as far as possible. Such a load 
is not absolutely wattless, but it is found that when the power 
factor is very low, the magnetization curve is almost exactly 
coincident with that for zero power factor. 

We will now consider a practical method, which is a combination 
of the three previous methods. The open-circuit and short-circuit 
characteristics are determined, as in the Behn-Eschenberg method. 
Next a small portion of the wattless load characteristic is then 
determined, or, since the method only requires one point on this 
curve, the wattless load can be adjusted to give normal full-load 
current at normal voltage. This point is represented by the point P 
in Fig. 267. Mark off OB equal to the current flowing in the wattless- 
load test, draw the horizontal BC, and then the perpendicular CD. 
Then OD represents the excitation required to produce this current 
on short-circuit, and since the short-circuit current is very nearly 
wattless, the point P is on the zero power-factor characteristic for 
this particular current, as shown dotted. From P mark off PF equal 
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to OD, and then draw FG parallel to the tangent at the origin to the 
open-circuit characteristic, to cut this characteristic at G. Then 
draw the perpendicular GH. The length PH is the demagnetizing 
ampere-turns due to a wattless load of amperage equal to that in 
the wattless-current test, while GH is the reactance drop per phase 
in the armature. Hence, GH measured in volts, divided by the 
current, gives the reactance per phase of the machine. The excita- 
tion for the same current loading during short-circuit is OD, hence 


PH subtracted from OD (= FP) gives the excitation required to | 


supply the reactance drop in the machine. The regulation is now 
determined as follows. Draw OA, Fig. 268, to represent the normal 


al 
a 


Sees 
D —\ _ 
, Bs 
Fig. 268 xs 


voltage per phase, and set off AB equal to the reactance drop, and 
inclined to the perpendicular to OA; cos is the power factor of 
the load at which the regulation is required. Next set off the 
perpendicular BC equal to the resistance drop per phase. Joining 
OC we obtain the E.M.F. generated per phase and, referring back 
to the open-circuit characteristic, we obtain the excitation required 
to generate this voltage. Mark this excitation off along the direction 
of OC; let it be OD. Then mark off OF equal to the demagnetizing 
ampere-turns, or the equivalent exciting current (whichever is 
plotted in Fig. 267) as shown, and complete the triangle OFD. 
Then FD is the excitation required to maintain the normal terminal 
voltage at the load current used in the construction, and at a 
power factor equal to cos y. Referring back to the open-circuit 
characteristic, the voltage corresponding to this excitation is read 
off. Calling this Z, we have for the regulation up 


Beet, 100 


Percentage regulation up = 


It is very common practice to use a calculated, instead of a 
measured, value of the demagnetizing ampere-turns. As an example 
of the method, consider a 600-kVA, 3,300-volt, 3-phase, 50-cycle 
alternator whose open-circuit and short-circuit characteristics are 
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given in Fig. 269. The calculated value of the demagnetizing 
ampere-turns per pole at full-load current and zero power factor is 
2,780, and the stator resistance per phase is 0-127 ohm. 


600 x 1,000 
V3 x 3,300 
and on referring to the short-circuit characteristic, we see that the 


excitation on short-circuit to give this current is 3,080 ampere-turns 
per pole. Now the armature reaction has been shown to be almost 


Full-load current = = 105 amp. 
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entirely demagnetizing during short-circuit conditions, so that the 
excitation to generate the armature voltage required to overcome 
the reactance drop is (3,080 — 2,780) = 300 ampere-turns per pole. 
Referring this to the open-circuit characteristic, we see that the 
reactance drop per phase at full-load current is 133 volts. Also 


Resistance drop per phase = 105 x 0-127 = 13:3 volts 


and normal terminal volts per phase = pe) = 1,910 volts. 


cy 

There is now sufficient data to make use of the construction of 
Fig. 268. The combined voltage and ampere-turn diagram is drawn 
to scale in Fig. 270 for a load current of the normal value of 105 
amperes per phase, at a power factor of 0:8 lagging. 

.. Y = arc cos 0-8 = 37° (very approx.) 

The diagram gives a generated voltage of 1,990 per phase, which by 
reference to the open-circuit characteristic, requires an excitation 
of 5,100 ampere-turns. -The demagnetizing ampere-turns of 2,780 
are set off along OF, as explained previously, the resultant excitation 
therefore being 7,240 ampere-turns per pole. This corresponds to a 
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voltage per phase of 2,240 when the load is thrown off, the regulation 
up, therefore, being 
2,240 — 1,910 
1,910 


4. Automatic Voltage Regulators. Modern quick acting voltage 
regulators are based on the “ overshooting the mark”’ principle. 
When the load on the alternator increases and more excitation is 
required to keep the voltage constant, the regulator produces an 


x 100 = 17-6 per cent 


Fia. 270 | 


increase in excitation more than is ultimately necessary. This is 
because the fluctuations in load may be very rapid, whereas the 
inductance of the alternator field will cause the flux to increase to 
the desired value very slowly, unless there is a large increase in 
exciting current. Before the voltage has time to increase to the 
value corresponding to the increased excitation, the regulator 
reduces the excitation again. There are two main types— 


(a) The vibrating type, in which a fixed resistance is cut in and 
out of the exciter field circuit. 
(6) The rotary type, in which a variable resistance is used. 


5. The Tirrill Regulator. This is an example of the vibrating 
type. The essential parts are shown in Fig. 271. At the top 
there are two levers, that on the left operated by a solenoid energized 
in proportion to the exciter voltage, and that on the right by an 
A.C. magnet having both shunt and series excitations. This 
magnet is so adjusted that with normal load and voltage at the 
alternator, the pulls of the two coils are equal and opposite. In 
the event of an increase in load the series coil predominates, and 
so pulls down the A.C. magnet. This closes the contacts between 
the two levers and so de-energizes the relay horse-shoe magnet, 
which thereby releases its armature and short-circuits the rheostat 
in the exciter field. There is in consequence a sudden increase in 
excitation, which causes the alternator voltage to rise very rapidly. 
At the same time the excitation of the exciter control magnet is 
increased, thus pulling down the left-hand lever, energizing the 
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relay, and re-inserting the field rheostat before the alternator 
voltage has had time to increase too far. The reverse action takes 
place when the load on the alternator decreases 

It will be seen that because of the overshooting the mark principle. 
the terminal voltage does not remain absolutely steady, but oscillates 
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Fie. 271. Tirrmn Automatic VoLTAGE REGULATOR 

rapidly between maximum and minimum values. The regulator is 
so quick acting that the variation in voltage is less than 1 per cent. * 

6. Parallel Operation of 
Alternators. Before an in- 
coming machine can be 
switched on to the bus-bars 
the following conditions 
have to be fulfilled— 

(a) The voltage of the 
incoming machine must be 
the same as the bus-bar 


voltage. 
(6) The phase of the 
Fria. 272 machine voltage must be 
ALTERNATORS IN PARALLEL identical with the phase of 


the bus-bar voltage relative 
to the feeders, i.e. opposite in phase relative to the local circuit 
through the armatures and bus-bars. This circuit is shown dotted 
in Fig. 272. : 
(c) The frequency of the incoming machine must be the same 
as the bus-bar frequency. 
* For fuller information see Garrard, Hlectric}Switch and Control Gear. 
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Condition (a) is indicated by a voltmeter, and conditions (6) 
and (c) are both indicated by synchronizing gear. 

Consider first of all the case of single phase alternators. The 
simplest form of synchronizer consists of two lamps, LL, connected 
across the main switch as indicated in Fig. 272. If the frequencies 
of the alternators A and B are not equal, the phase angle between 
the voltages of A and B will be continually changing, and therefore, 
the current through the lamps and through the local circuit shown 
dotted will be changing. The resultant voltage will undergo changes 
similar in character to the beats produced when two sources of 
sound of slightly different frequencies are sounding together. This 
is indicated in Fig. 273. In consequence, the lamps will flicker, 
the alternations in bright- 
ness being rapid when 
there is a large difference 
in the frequencies, and 
slow when the frequen- 
cies. are nearly equal. 
In the middle of a dark Fie. 273 
period the two voltages Vouitace VARIATIONS IN SYNCHRONIZER — 
will be in opposition with 
respect to the local circuit. Hence, the speed of the incoming 
machine is adjusted until the lamps go in and out very slowly, the 
incoming voltage is adjusted equal to the bus-bar voltage, and 
then the switch is closed in the middle of a dark period. It is 
somewhat easier to judge the middle of the bright, than the 
middle of the dark, period, and some engineers prefer to synchronize 
“lamps bright.” This necessitates 
the crossing over of the lamp con- 
nections, as in the case of machine C. 

7. Conditions Necessary for 
Successful Parallel Operation. Since, 
with respect to the local circuit, the 
E.M.F. of an alternator is in phase 
opposition to- the E.M.F. of another 
alternator with which it is working 
in parallel, the machines run as 
77 synchronous motors relative to one 
Armatures with Reactance only. nother. Hence, if one machine gets 

Fie, 274 into difficulties, say, through a failure 
; in steam supply, it must receive 

Eee ee een Ovesie wattful motoring current from the 
other. 

(a) Consider two machines having resistance but no reactance. 
Their E.M.F.s #, and H, (Fig. 274), will be practically in phase 
opposition, so that their resultant H, will be almost in quadrature 
with both H,and #,. The synchronizing current I will be in phase 


Lamp Pp. D. 
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with H, and therefore, practically in quadrature with HZ, and £,, 
so that it will be an idle current and will therefore convey no real 
power to the machine needing help. 

(6) Suppose that the armatures have reactance only, Then the 
synchronizing current J will be in quadrature with H,, and therefore, 
practically in phase with one of the machine voltages; H, in Fig. 
274. Thus machine II will supply real power to machine I, so 
that the latter will keep running. This shows that for successful 
parallel operation, reactance in the armatures is absolutely necessary. 


Fia. 275 


Now consider actual machines with both resistance and reactance, 
let the angular phase difference of the two induced E.M.F.s be 6, 
and let the circulating current J lag an angle » behind H,, as shown 
in Fig. 275. Then so long as @ is small and the E.M.F.s are equal, 
we can write 

H, = HE, = HE, and H, = E6 
*, Circulating current 
EH, 0 
where Z is the combined impedance per phase of the two armatures. 
Now so long as @ is small, the angle between OJ and OZ, is very 
nearly equal to (90 — ¢), and therefore 


Synchronizing power W, = HL - cos (90 — ¢) 


x5 . 0 sin 
aw, Es , 
> ances Aaa 6 
E? oe 
VBL” Vp 
Ae 
— ee 


and this is a maximum when X = R, showing that the maximum 
synchronizing power would be given with an armature reactance 
equal to the armature resistance. This condition is, of course, never 
fulfilled in actual practice, the resistance always being small in 
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comparison with the reactance. Nor is it desirable that this condition 
should be fulfilled, since it would give rise to an excessively high 


restoring torque whenever a machine deviated from the steady 
angular position. 


Wattless Component 
79-29 29-7 59:4 
% 
S 
S_ M/cir 
& 
S ¢ 
S 39-6 
» 
3 Mer 
g (a) 
(4) 
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Example. Two identical three-phase alternators are coupled in parallel 
to a total load of 1,500 kW at 11,000 volts, power factor 0-8 lagging. The 
synchronous reactance of each machine is 60 ohms per phase, and resistance 
2-8 ohms per phase. The power supplied by each machine being maintained 
the same, the excitation of the first alternator is adjusted so that its armature 
current is 45 amp. lagging, Calculate— 

(a) The armature current of the second alternator. 

(b) The power factor at which each alternator operates. 

(c) The E.M.F. of the first alternator. 


Total load current 
watts 


i= »/3 V cos ¢ 
1,500,000 
= 73 X 11,000 x 8 == 99 anip. 
Working component = I cos ¢ = 99 X ‘8 = 79:2 
Wattless component = I sind = 99 X 6 = 59-4. 


When the conditions are identical, each machine delivers one-half 
of each component, so that the current diagram is as shown in Fig. 
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276 (a), and each machine has the same power factor as the load. 
Also each total machine current = 49-5 amp. 

Since the steam supplies are not altered, the working components 
will remain the same at 39-6 amp. per machine, but an adjustment 
of the excitations will alter the division of wattless current. The 
total current taken by machine I is reduced from 49-5 to 45 amp. 
and therefore its wattless current is reduced, the new value being 


V45? — 39-62 = 21-4 amp. 
Hence the wattless current delivered by machine II is 
59-4 - 21-4 = 38 amp. 
The current diagram is now as in Fig. 276 (6), and we have 
(a) I, = V39-6? + 38? = 55 amp. 
(0) cos ¢, = 39-6/45 = -88 
cos ¢. = 39-6/55 = -73 
(c) Terminal P.D. per phase 


11,000 
Y= MEY 6,350 volts. 


For machine I 
Resistance drop per phase = RJ, = 2:8 x 45 = 126 
= AB, Fig. 276 (c) 
Reactive drop per phase = XJ, = 60 x 45 = 2,700 
= BOC, Fig. 276 (c). 
Denoting by X and Y the OX and OY components of the H.M.F. 
per phase, H’,, we have 
X = V,+ Ri, cos ¢, + XJ, sin 4, 
= 6,350 + 126 x -88 + 2,700 x -475 
= 7,741 volts. 
Y = XI, cos ¢, - RI, sin 4, 
= 2,700 x -88-126 x -475 
= 2,310 volts. . 
*, Hy = V7,7412 + 2,310? 
= 8,060 volts 
., L= V3 x 8,060 
= 14,000 volts. 
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8. Division of Load between Two Machines. When a machine 
is switched on to the bus-bars its steam supply is small, so that it 
may be actually taking a small amount of motoring power from 
the bus-bars. At the most 
it will only supply a small 
amount of power to them. 
Its working point may 
therefore be in some position 
such as P, on the diagram 
(Fig. 277). To bring it into 
the generating half of the 
diagram, it is necessary to 
increase the steam supply. 
This causes the excitation 
vector BP, to swing round 
until the working point 
reaches, say, P,.. The 
machine is now generating, 
but its output may not be 
sufficient, and its power 
factor will be low because 
of the large angle of lag, 7 
P,AZ, of the current AP, behind the voltage. The next adjustment 
is therefore to increase the excitation until the power factor is in the 
neighbourhood of unity. During this adjustment the working point 
travels along a power line from P, to P;. The steam supply is 
again increased, thus bringing the working point to P, on a line of 
greater output, and the excitation is then increased again. Thus 
the adjustments are made in steps, until the machine is delivering 
the required output. When adjusting the steam supply, the driver 
watches the wattmeter, whereas the adjustment of the excitation 
is made by means of the ammeter, or of a power factor meter. 

Compare this with the case of a D.C. shunt generator in which 
the load is adjusted by varying the excitation, the engine governor 
automatically admitting the required amount of steam. 

9. Synchronizing Gear for Three-Phase Machines. By arranging 
three lamps across the poles of the main switch as in the case of 
machine B (Fig. 278), it is possible to synchronize with lamps 
dark. A better arrangement is to cross connect two of the lamps 
as in the case of machine C. Suppose that the voltage star ABC 
(Fig. 279) refers to the bus-bars, and A’B’C’, to the incoming 
machine C. Then the instantaneous voltages across the three 
lamps in the case of machine C are given by the vectors AB’, A’B, 
and CC’. Now both vector diagrams are rotating in space, but 
they will only have the same angular velocities if the incoming 
frequency is equal to the bus-bar frequency. Suppose the incoming 
machine is too slow. Then diagram A’B’O’ will rotate more slowly 


Motoring 


Generating 


Fie. 277 
To InuustRAtTE Division or Loap 
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than ABC, so that at the instant represented AB’ is decreasing, A’B 
is increasing, and CC’ is increasing. 

If the incoming machine is too fast, then AB’ is increasing, A’B 
is decreasing, and CC’ is decreasing. 


en 
ats _Fie. 279 Gated 
Fie. 278 VoutaGE RELATIONS 

THREE-PHASE ALTERNATORS IN PARALLEL IN SYNCHRONIZER 


Hence, if the three lamps are placed in a ring a wave of light 
will travel in a clockwise or counter-clockwise direction round the 
ring, according as the incoming machine is fast or slow. This 
arrangement therefore indicates whether the speed must be decreased 
or increased. The switch is closed when the changes in light are 
very slow, and at the instant the lamp connected directly across 
one phase (CC’ in the figure) is dark. Lamp synchronizers are only 
suitable for small low 
voltage machines. 

For large machines a 
rotary synchroscope is 
almost invariably used. 
This synchroscope, which 
is based on the rotating 
field principle (see Chap. 
XVI), consists of a small 
motor with both field and 
rotor wound two phase. 
The stator is supplied by a 
pressure transformer 
connected to two of 
the main bus-bars, while 
the rotor is supplied 
through a pressure trans- 
former connected to a cor- 
responding pair of 

terminals on the _ in- 
coming machine. Two-phase current is obtained from the phase 
across which the instrument is connected by a_ split-phase 


Fia. 280 
Rotrary SyNCHROSCOPE 
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device, as shown in Fig. 280. One rotor phase A, is 
in series with a non-inductive resistance R, and the other, B, 
in series with an inductive coil ©, the two then being 
connected in parallel. The phase difference so produced in 
the currents through the two rotor coils causes the rotor to set up 
a rotating magnetic field. By a similar device, the stator produces 
a rotating magnetic field. Now if the incoming machine has the 


~-Synchronizing 
—- Bus Bars 


Synchroscope 


Machine onLoad. Incoming Machine. 
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same frequency as the bus-bars, the two fields will travel at the 
same speed, and therefore, the rotor will exhibit no tendency to 
move. If the incoming machine is not running at the correct 
speed, then the rotor will tend to rotate at a speed equal to the 
difference in the speeds of the rotating fields set up by its rotor and 
stator. Thus it will tend to rotate in one direction if the incoming 
machine is too slow, and in the opposite direction, if too fast. 

In practice, it is usual to perform the synchronizing on a pair of 
auxiliary bars, called synchronizing bars. The rotor of the syn- 
chroscope is connected permanently to these bars, and the incoming 
machine, switched on to these bars during synchronizing. In this 
way, one synchroscope can be used for a group of alternators. 
The arrangement of the synchronizing bars and switch gear is 
illustrated in Fig. 281. 


CHAPTER XX 
THE INDUCTION MOTOR 


1. THE polyphase induction motor is used more extensively than 
any other form of A.C. motor. It derives its name from the fact 
that the current in its rotor is not drawn from the supply, but is 
induced by relative motion of the rotor conductors and the magnetic 
field produced by the stator currents. The stator, which is built 
exactly like an alternator stator, carries a polyphase winding 
similar to an alternator winding. The stator winding is connected 
to the supply, and the polyphase currents circulating through it 
produce a magnetic field which rotates at synchronous speed. 
The lines of force of the stator field cut the rotor conductors and 
induce currents in them; hence, by Lenz’s Law, the rotor follows 
after the stator field Now it is on the relative velocity of the 
rotor and stator field, that the magnitude of the induced rotor 
current, and therefore, of the torque, depends ; hence, even on no 
load the rotor speed must be less than synchronous speed, because 
of the friction and iron losses. When extra load is put on the 
motor, the torque must increase in order to cope with it ; hence, 
the induced rotor current must increase, and therefore, the relative 
velocity of rotor to stator field must increase. But the speed of 
the stator field is fixed by the frequency of the supply, and therefore, 
as the load on the motor increases, the actual speed of the rotor 
decreases. Its speed characteristic is therefore somewhat similar 
to that of a D.C. shunt motor. 

2. For a unidirectional torque to be set up, the rotor field 
produced by the induced rotor currents must have the same angular 
velocity as the main stator field, and therefore, the lines of force 
‘slip ” past the rotor conductors. 


Let w,= angular velocity of stator field, and therefore, of 
rotor field 


w, = actual angular velocity of rotor 
The difference (w, ~ w.) is called the “ absolute ”’ slip. 


The ratio = 2 is called the “ fractional ” slip, and 717 @2 y 100 
1 a) 
is the percentage slip. : 

The full load slip of modern motors varies from about 4 per cent 
for small motors to 1:5 or 2 per cent for very large ones. The 
actual speed is thus very close to the synchronous speed under 
normal working conditions. 


340 


THE INDUCTION MOTOR 341 


When the rotor is stationary, the stator field sweeps past the 
rotor conductors with full synchronous speed, and the frequency of 
the rotor current is equal to the line frequency, f. The motor then 
functions like a transformer with distributed windings and a narrow 
air gap in the magnetic circuit. When running at a speed near to 
synchronism the relative velocity of stator field and rotor is OW, 
where o is the fractional slip. But the frequency of the rotor 
currents is proportional to this relative velocity. Hence, the rotor 
currents have a frequency of of. 

3. There are two types of rotor winding, the “ squirrel-cage ” 
and the “phase wound.” The squirrel-cage rotor consists of a 
number of copper bars threaded through 
slots in a laminated rotor core, with 
their ends connected to stout copper 
end rings. These windings are thus 
permanently short-circuited on them- ae 
selves, and external resistance cannot Winding 
be connected in series for starting 
purposes. 

The phase wound rotor is provided 
with a distributed winding ; itis nearly oor 
always a two layer wave winding in Winding_\_._- — 
large motors. The separate phases are 
generally connected in star, and the 
three free ends, connected each to one of 


Slip Rings 
‘A 


three insulated slip rings mounted on the Pe aL 
motor shaft. When running normally 

these slip rings are short-circuited, but Fre. 282 

for starting purposes they are connected i ecetecaattiece 
to a three phase star-connected starting Commmortows 


resistance, as in Fig. 282. 

The squirrel-cage rotor is as a rule used only for comparatively 
small motors, because, as we shall see, its starting torque is very 
small and it takes a large current from the line at the moment of 
switching on. The rotor resistance is very low, and therefore, the 
motor is very efficient, and the simple construction of the rotor 
renders it mechanically robust, and comparatively cheap to manu- 
facture. The small starting torque is the result of the low rotor 
resistance. When squirrel-cage motors are used for crane or 
hoist work, where a large starting torque is more important than 
high-efficiency, because of the intermittent nature of the load, it is 
usual to increase the rotor resistance by making the end rings, and 
sometimes the bars as well, of high resistance metal, e.g. German 
silver. 

4. Relation between Slip and Rotor J* Loss. When an induction 
motor is operating normally, the slip is so small that the frequency 
of the magnetic reversals in the rotor core is only of the order of 
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one or two per second, the rotor iron loss therefore being quite 
negligible. Hence 

(Power of rotating field) = Output + rotor copper loss 
If 7' is the motor torque, then 


Power of rotating field = 7'w, 
Output = Tas, 
Tw, = Tw, + rotor copper loss 


rotor copper loss 
@M,- We = —err 


@1— @, __ rotor copper loss 
W, To, 


_, rotor copper loss 
input power 


Fractional slip = TOtor copper loss 
input power 


__ rotor copper loss x 100 


and percentage slip renee 


= rotor copper loss expressed as 


a percentage of the input power of the motor. 

This relation shows why it is that motors with a very low rotor 
resistance have a small slip, while those with a high rotor resistance 
have a large slip. 


5. Torque. Torque is proportional to 


fee entering rotor 


oe ) rotor current pe of angle pas 


flux and current 


The flux is proportional to the stator applied voltage H,, exactly 
as in a transformer. 


rotor E.M.F. 


Rotor current per phase = -—— — eS 
rotor impedance per phase 


When the rotor is stationary, there will be a certain transformation 
ratio K between stator and rotor, and for the rotor E.M.F. we have 


E = KE, 
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When the motor is running, the relative velocity of rotor and 
stator field is proportional to the fractional slip o, and since the 
fractional slip at standstill is unity, we 

have for the rotor E.M.F. when running, 


E, = oK#;. 25) 


Again, the frequency of the rotor current oe 


is of; hence, if X, is the rotor reactance A aXg 
per phase to currents of line frequency, its 
reactance to currents of slip frequency is 
will be coX,. Hence, the rotor current is * 
given by 1G. 283 
Rotor IMPEDANCE 
oKE, TRIANGLE 


Again, from the impedance triangle (Fig. 283), we have 
Rk 2 
cos P => VR, + 0X," 
The expression for the torque, 7’, therefore becomes 
oKE, ie 
VR + 0X, VR + Xe 
oKE,?R, 
R,? + o*X,? 
Several important properties of the motor can be deduced from 
this expression— 


iE Ord Fog) Sh 


1 oKE, 3 
0? 2% Tarren 


The quantity in the brackets is the rotor current, and we therefore 
have 


oC 


, since K is a constant 


rotor copper loss 


slip 


(b) When the motor is running under normal conditions o is 
very small, and we can neglect (¢X,)? in comparison with R,?. 
Hence, under these conditions, 


T o oH,?, K and R, being constants 
oc H,?(w,- @) 
Now rotor intake « to T', 


344 ELECTRICAL THCHNOLOGY 


r rotor intake 
(@1— Wg) Eo, 
oc rotor intake 

so long as H, is‘constant. This shows that the fall in speed is pro- 
portional to the rotor intake, and therefore, very approximately 
to the output. We also see that the torque is proportional to the 
square of the applied voltage, a property of the motor which renders 
it very susceptible to changes in voltage. It is necessary that the 
voltage regulation of a line supplying induction motors should be 
very good. 

(c) At the moment of starting, the rotor is stationary, and 
therefore,o = 1. Hence 

fk, 

Ro + X,? 
This is a maximum when R, = X,, R, being regarded as the 
variable. Therefore, to obtain the maximum starting torque, suffi- 
cient resistance should be put in series with the rotor to make the 
total resistance per phase equal to the rotor reactance per phase, 
to currents of linefrequency. The variation of starting torque with 
rotor resistance is shown graphically in Fig. 284. A squirrel-cage 
or short-circuited rotor has a 
small starting torque because its 
rotor resistance is very small, and 
can not be increased for starting 
purposes by the addition of an 
external resistance. 

(d@) Under running conditions, 


starting torque oc 


% 


forgu. 


Startin 


RyX, Kotor Kesistance mae : oR 
Fie. 284 Ro? + oX,? 
Errect or Rotor RESISTANCE gee 2 
on Starting TorQuE This 1s &@ maximum when Ry => 


oX., o now being the variable. 
Substituting R,/X, for o, we have for the maximum torque under 
running conditions 


Pais occa 
max ie R,? oc Xs 
R, + x? A? 


Since X,, is a constant for a given motor, we see that the maximum 
torque attainable is a constant and is independent of the rotor 
resistance. Hence, if we draw a family of torque/slip or torque/speed 
curves for a series of values of the total rotor resistance, they will 
all have the same maximum value. Such a family of curves is 
shown in Fig. 285. The perpendicular OY is drawn at unity slip 
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or zero speed, and the intercepts on this axis give the starting 
torque of the motor with a rotor resistance equal to that corre- 
sponding to the particular curve. If R, is equal to X, the 
maximum torque occurs at starting, as shown by curve III, and 
for any other resistance the torque at starting is less than the 
maximum value. The shaded portion of the diagram represents 
the normal working range, and it will be seen that although a high 
resistance is an advantage for starting purposes, it is a disadvantage 
when running normally. Curve I is for a normal rotor of small 
resistance: this gives a greater torque than any of the others 
within the working range, and the maximum torque is not far 
removed from this range, a disadvantage in the case of a motor 


i 


Sees oe t= 


- ~ /, y 
~<— ~Speeds if. F Speed —>= = <— Slip Slip-0 
Speed=O Speed= Synch. 
Speed 


Fig. 285 
Torque SiLip CHARACTERISTICS 


subjected to sudden violent overloads, even if of short duration. 
Curve II is for a high resistance rotor, and we see that within the 
working range the increase in resistance causes a decrease in torque. 
For a given torque the motor represented by curve II suffers a 
larger slip than the normal motor, so that its speed characteristic 
is similar to that of a D.C. cumulatively compounded motor. For 
_ certain classes of work this characteristic is an advantage, since it 
relieves the motor both electrically and mechanically when the 
opposing torque is heavy. Also, the position of the maximum 
torque is farther removed from the normal working range, so that 
the motor is not so liable to pull out in the event of a serious over- 
load. For average motors the pull out torque is about 2} times 
the normal full load torque. 

As an actual example consider the case of a 250-b.h.p. induction 
motor having a rotor resistance per phase of -016 ohm and standstill 
reactance per phase of -15 ohm. We have seen that the torque 
and rotor current can be written 


ok, o 
fi bat CAV a ee Se Oe eee 
if K, Re As aX,’ I 2 (Rj? + oX,2)t 
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where K, and K, are constants which need not be- determined. 
Substituting the numerical values for R, and X,, we have 


0160 
1s COLE + (Taya! 
jibes Z 


Ly 

{ (-016)? + (-15)%07}# 
We will take the values of K, and K, to be unity, the units in which 
T and I, are expressed then being arbitrary units. Taking a series 
of values of o from zero up to 2-0 in steps of 0-1, we can tabulate as 
follows, this being more expeditious than making an individual 
calculation for each point on the curves. 


R,=-016. X,=-15. 


I, T 
G o oX,? | R,2+ oX,"| VR? + o2X? o 0 
2 VR? + oX,3| R.? + oX,? 


“1 01 | -000225) -000481 0244 4-16 208 
2 °04 | -0009 -001156 034 5:88 180-4 
3 09 | -00203 -002256 -0477 6-3 131 
“4 “16 | -0036 -003856 -0621 6-42 101-6 
°5 *25 | -0056 *005856 -0765 6-55 86 


It is not thought necessary to give the whole of the table, as the 
reader can make the necessary calculations for himself. The curves 
of T and I, against o are plotted in Fig. 286, and we see that the 
maximum torque occurs for a slip of —- = :107 or 10-7 per cent. 

In the same figure the torque curves for a resistance R, of -083 
and for a resistance of -16 ohm per phase are given, and it will be 
seen that these also exhibit a maximum at a slip of R,/X,, namely, 


for o = 1, when R, = X,, and foro = = = -553, when R, = -083. 
For all three curves the magnitude of the maximum torque is the 
same. 

6. Crawling of Induction Motors. Squirrel-cage motors some- 
times exhibit a tendency to run at a speed very much smaller than 
synchronous speed, usually one-seventh. This is due to the fact 
that since it is impossible to distribute the stator winding in more 
than 3 or 4 slots per pole per phase, even in large machines, the 
wave of stator flux, instead of being a pure sine wave, is stepped. 
This wave, when analysed, gives, in addition to the fundamental 
wave which rotates at synchronous speed, odd numbered harmonics, 
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third, fifth, seventh, andsoon. The third harmonic waves produced 
by the three phases neutralize one another as will be seen later, 
and the most important of the remaining harmonics are the fifth 
and the seventh. Now the field set up by the fifth harmonic, 
considering this separately, rotates backwards, while that due 
to the seventh harmonic rotates forwards. Hence, the torque/ 
slip characteristic will have three components, that due to the 
fundamental, that due to the fifth harmonic, and that due to the 
seventh. These separate characteristics are drawn in Fig. 287, the 
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total torque being obtained by adding corresponding ordinates of 
the three separate curves. The curve for the seventh harmonic 
crosses the slip axis at one-seventh fundamental speed. Similarly, 
the curve for the fifth harmonic crosses the slip axis at one-fifth 
fundamental synchronous speed, but in this case the point of 
intersection is to the left of the standstill axis. The curve of total 
torque is given by the heavy line, and from its shape we see that, as 
the motor starts up from rest, the torque increases up to a maximum, 
then decreases, and finally reaches another maximum. Also, the 
position of the first maximum is just below one-seventh synchronous 
speed. If the frictional torque of the motor is such that it requires 
the motor to develop a torque greater than that in the neighbourhood 
of one-seventh full speed, the motor will “‘ crawl ” at this speed and 
will be perfectly stable so long as the working point is in the neigh- 
bourhood of C. If the field form of the motor is such that a fairly 
large seventh harmonic is produced, then the only way to avoid 
this trouble is to make the rotor resistance sufficiently high to 
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enable the motor to develop a torque at one-seventh speed greater 
than the frictional torque. 

This phenomenon is not exhibited by motors with wound rotors, 
because the inserting of external resistance for starting purposes 
gives the motor a torque very much greater than the frictional 
torque. In fact, such motors will start against full load torque 
without difficulty 

7. Magnetic Locking. The rotor of squirrel-cage motors some- 
times exhibits a tendency to remain in one place, and not to rotate 
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at all: this happens when the numbers of rotor and stator slots 
have a common factor. In such a case there will be certain rotor 
positions which make the air gap reluctance a minimum, and it is 
in such positions that the rotor tends to remain. This is easily 
overcome by making the number of rotor slots prime to the number 
of stator slots. 

8. Methods of Starting Squirrel-Cage Motors. An induction 
motor can be regarded as a transformer with a small air gap in 
the magnetic circuit. Hence, a squirrel-cage motor, when at rest, 
and therefore having no back E.M.F. induced in it, can be regarded 
as a transformer with a short-circuited secondary. Such a trans- 
former would take a very high current if the full voltage were 
applied to its primary winding, and therefore, for starting it is 
necessary to apply a reduced voltage. When the rotor is well 
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under way, the full voltage can be applied. There are several 
methods of obtaining this reduced voltage. 

In the auto-transformer starter, the reduced voltage is obtained 
by taking tappings from a three phase auto-transformer, as shown 
in Fig. 288 (4). Inthe running position, full line voltage is applied, 
and the auto-transformer, left out of circuit. 

If the motor is supplied through a step-down transformer, then 
the secondary of this transformer can be used as an auto-transformer 
as shown in Fig. 288 (B). This considerably simplifies the switch- 
gear, but the extra connections from the transformer are a 
disadvantage. 

In the “ star-delta’ method the motor is designed to operate 
normally with the stator phases mesh connected, so that the normal 
phase pressure is equal to the line pressure. For starting, the 
phases are connected up in star, the pressure applied to each phase 
being thus 1//3 of the normal pressure. Fig. 288 (C) shows the 
arrangement of a star-delta starter and the stator phases; the 
phases are each brought out to two terminals. A four-pole throw- 
over switch is used, the object of the fourth pole being to provide 
the star point when the phases are connected in star. It has no 
contacts on the delta side. 


Example. A squirrel-cage motor has a ratio of rotor standstill reactance to 
resistance per phase of 4 to 1, and the maximum torque is 2} times the normal 
fullload torque. Calculate (1) the full load slip, (2) the ratio of starting torque 
to normal torque, (a) with direct-on starting, (6) with star-delta starting, 
(c) with an auto-transformer starter with 70 per cent tapping. 
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us 8000 
1+ 1602 
This gives o = 5-7 per cent or 107 per cent, showing that the motor 
will run normally with a full load slip of 5-7 per cent. In the region 


of counter-current braking, the slip at normal full load torque will 
be 107 per cent, Fig. 289. 


Fig. 289 
(2) At starting o=1 
al” starting = ae ee 
2 + Xo 
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(a) At full stator voltage, T'y1¢,ting 18 given by the above value of 
47 per cent of the maximum possible torque 
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(b) Star-delta starting gives 1/./3 times full voltage, and therefore 
1/3 times the torque at full voltage 
1-06 


" sl atantine = 3 = B57 normal 


(c) D attted = 1:06 x ‘P= “D2 J acpmal 


9. Starting of Synchronous Motors by Induction Motor Action. 
We have seen that the synchronous motor will not start by syn- 
chronous-motor action, with the result that the motor has to be 
brought up to speed either (a) by the help of a pony motor, or (6) by 
induction-motor action. This second method is the more commonly 
used, and the necessary torque is developed in damping windings 
which are housed in the pole faces, and also connected by copper 
straps across the interpolar gaps, so as to form a squirrel-cage 
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winding. As with the squirrel-cage induction motor, it is necessary 
to apply a reduced voltage to the machine at starting so as to avoid 
excessive rushes of current, and one method of doing this, as used 
by the B.T.H. Co. is shown in Fig. 290. It consists of an auto- 
transformer and two oil switches, one a four-pole, the other a three- 
pole, which are mechanically interlocked so that it is impossible for 
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both switches to be closed at the same time. When the starting 
switch is closed the incoming line is connected to the transformer 
whose neutral is already provided by the fourth pole of the running 
switch being closed when the other three poles are open. The motor 
thus starts up on the reduced voltage corresponding to the trans- 
former tap in use. When the running switch is being closed the 
starting switch is opened just before contacts are made, and when 
the running switch is definitely closed the full voltage is applied to 
the motor, and at the same time the neutral point of the transformer 
is opened so that the transformer will not be taking current 
permanently. 

It is important to appreciate the effect which the starting, or 
damping, winding has on the performance of the motor while it is 
synchronizing. The torque developed and the speed attained before 
synchronism depend, for a damping winding with a given number 
of conductors, on the resistance of the winding exactly as in the 
case of an induction motor; in fact, if torque is plotted against 
speed the curves similar to those of Fig. 285 will be obtained. Three 
such curves are given in Fig. 291. Curve 1 corresponds to a low 
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resistance comparable with that of an induction motor rotor, curve 2 
to a resistance higher than this, and curve 3 to a resistance of such 
value that the maximum torque occurs at standstill. From the point 
of view of mere starting torque a high resistance starting winding 
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is thus an advantage. Now consider the synchronizing torque, that 
is, the torque which has to make up for the difference between the 
speed up to which the motor is brought by induction motor action, 
and the synchronous speed, i.e. the torque which has to pull the 
motor into step. Suppose that the motor has to start against a 
torque equal to the normal full-load value, then with a resistance 
of starting winding corresponding to curve 3 the speed will only be 
brought up to O’C which, on an average, will be about 75 per cent 
of synchronous speed. Consequently the slip will be about 25 per 
cent, and it will be quite impossible for the motor to synchronize 
against such a large slip. If the resistance of the winding is very 
low, as in curve 1, the starting winding will bring the speed up to 
O’A, which will be 95 or 96 per 
cent of the synchronous speed. 
The slip will thus be only 4 or 
5 per cent, and the motor will 
consequently have no difficulty 
in pulling into step. But with 
such a resistance the motor 
cannot start against full-load 
torque, because the starting 
torque O’D is less than this. 
From this it follows that the 
design of the starting winding ~<—Sd/jp Speed+C DAB 


has to be a compromise between Fia. 292 
the diametrically opposed de- SPEED VARIATION WITH CHANGE 
siderata of high starting torque t™ Loap 


and high synchronizing torque. With the ordinary construction it is, 
therefore, impossible to obtain a starting torque and synchronizing 
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torque anything like so high as with the synchronous-induction 
motor, described in paragraph 12. The following figures give the 
order of the performance obtained, although, naturally, they vary 
considerably with different motors. For a starting voltage of 60 per 
cent normal the starting torque is about 40 per cent; while the 
synchronizing torque varies from 10 per cent for 50 per cent voltage 
up to 40 per cent for full voltage. 

10. Speed Control of Induction Motors. All alternating current 
motors without commutators suffer from the disadvantage that 
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they are fundamentally single speed machines, because the mag- 
netic field rotates at synchronous speed. The economical control 
of the speed of induction motors is, in consequence, much more 
difficult than that of direct current motors. The various methods 
of speed control in common use are as follows— 

(a) Ruzostatic Controu. This can be applied to motors with 
wound rotors only. Resistance is included in the rotor circuit, the 
speed depending on the value of the additional resistance per phase. 
We have seen that the percentage slip is equal to the percentage 
rotor copper loss. If the motor is working on a constant torque, 
the current will be sensibly constant and the drop in speed 
below synchronism will be proportional to the extra resistance 
per phase. We thus see that drop in speed is proportional to 
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the power dissipated in the rheostat, the method bein 

wasteful if speeds much below synchronism are Aimee D 
the speed is half synchronous speed, half the power supplied to the 
motor will be wasted in the rheostat. A further disadvantage of 
the method is that the speed is only a function of the external resist- 
ance so long as the load torque remains constant. Consider the two 
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torque speed characteristics in Fig. 292. Curve I corresponds to a 
motor running with the slip rings short-circuited. If the torque 
falls from, say, full load, to half load, then the change of speed will 
be AB. If so much resistance is added that the torque speed 
characteristic is represented by curve II, then for the same change 
in torque the change in speed is CD, which is very much greater 
than AB. 

For very large motors, resistance controllers are almost invariably 
of the liquid type, but for small and medium sized machines, metallic 
resistances with a controller of the barrel type are common. A 
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typical connection scheme for such a controller is shown in Fig. 293. 

(6) Pote Coanertne. The stator is wound so that the number 
of poles can be varied. If p, and p, are the numbers of poles, then 
there are two synchronous speeds, given by 


n, = 120f/p,, and n, = 120f/p.. 


It is easy to arrange for two numbers of poles in the ratio of 1 :2, 
Fig. 294 showing the method of changing from four to eight poles, 
a single phase winding being shown for simplicity.* The larger 
number of poles is obtained by making all the poles of one name, 
consequent poles. This introduces considerable magnetic leakage, 
the result being that the power factor, when running with the 
larger number of poles, ie. at the lower speed, is not very good. 
The method is therefore best suited to motors of large diameter, 
in which the pole pitch, even with the larger number of poles, is 
not so small as to cause excessive magnetic leakage. When more 
than two speeds are required, 
it is possible to obtain these by 
re-arrangement of the same 
winding, but so many tappings 
are required that it is simpler to 
have two separate windings 
housed in the same slots. The 
rotor of these motors is usually 
of the squirrel-cage type, since 
such a rotor is suitable for any 
number of poles. If the rotor is 
phase wound, then its number 
of poles must also be changed. 

Additional speeds can be ob- 
tained by auxiliary rheostatic 
control, but this, of course, 
lowers the efficiency. 

(c) CascaDE ConTROL. In‘this 
method two induction motors 
are mechanically coupled, and the rotor of the main motor is phase 
wound. The second rotor can be either squirrel-cage or phase 
wound. The stator of the first motor is connected to the supply, 
but the second motor receives its supply from the rotor of the 
first. Also the supply to this second motor can be taken either to 
its stator or rotor, as indicated in Fig. 295. It will be seen that, 
although the main motor is acting as a motor relative to the 
supply, its rotor is acting as a generator relative to the second 


Fie. 295 
CASCADE SPEED CONTROL 


* For complete information on all methods of speed control of induction 
motors, see Walker, The Control of the Speed and Power Factor of Induction 
Motors. 
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motor, and the two machines are thus working under very 
different conditions. The main motor has a supply of line 
frequency, but the back E.M.F. injected into its rotor by the 
second machine causes the speed to be considerably below syn- 
chronism, and its rotor frequency is therefore much greater than 
normal slip frequency. The second motor is working on a 
supply of low frequency, namely, the slip frequency of the main 
motor, but apart from this its operation is normal. Generally 
the two motors run at the same speed, but we will consider the 
case of belted motors in which the ratio of the speed of the main 
motor to that of the second motor is 1/n. Let the main motor 
have p,, and the second motor p,, poles. Let o, and o, be the 
respective fractional slips, and let the line frequency be f. 


Then synchronous speed of main motor = als 
P1 
Actual speed of main motor = ot (1 —9;) 
1 
Synchronous speed of second motor = ae 
2 
Actual speed of second motor = a (i -—o,) 
2 
= 1200, f approx. 
Pa 
since this motor is working normally and its slip o, is small. 
Hence 2% (1 ~ 6,) 1200; f 1 
Pi Pe " 
1 
ee rer 
ee ag 
ee Ps 
tL id | 
MP, + Pr 


Thus, in the particular case in which the motors are solidly coupled, 
n = 1; also, if p, = po, then o, = 3, and the set runs at one-half 
synchronous speed. It is essential that the two motors shall be 
mechanically coupled, since if they are not, then, if mechanical load 
is put on any one motor it will stop and act like a transformer, 
while the other motor will run light at full speed. 

Substituting the above expression for the slip o, in the expression 
for the speed of the main motor, we have 
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wie? 120f 
Pi 


= 120f x 


N, (1 -0;) 


Prt MPs 
Hence, the main motor runs at the same speed as a single motor 
having (p, + pz) poles. j 

The usual method of applying the cascade method is to connect 
the two motors so that their torques act in the same direction, the 
speed then being obtained from the expressions developed above, 
and being less than the normal speed of the main motor. If a speed 
greater than normal speed is required, the torque of the second 
motor can be reversed by the simple expedient of changing over 
two of the leads to its stator winding. This is called differential 
cascading and the speed, for a direct-coupled set, is 


N = 120f x 


PisiPo 

This method of control is peculiar in that the torque developed by 
the machines varies very considerably with changes in speed. In 
particular, if the speed is the same as the synchronous speed of the 
3-Phase Suppl DC. Excitation ame see! 
zero, because of 
the fact that 
there will be no 
E.M.F. induced 
in the rotor of the 
main machine, 
and therefore no 
current in either 
stator or rotor 
winding of the 
rear machine. At 
speeds greater 
than the syn- 
chronous speed of 
the main mach- 
ine, the slip of 
this machine is negative, and therefore the phase rotation 
of its rotor ‘currents is reversed. This, combined with the 
fact that the connections to the stator of the second machine have 
been reversed with respect to normal cascading, explains why stable 
operation at speeds greater than synchronous speed is possible. 

The main disadvantage of this method, apart from the necessity 
of a second motor, is that the magnetizing current for both motors 
has to be drawn from the line, and since it is a wattless current it 
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causes a poor power factor. To minimize this lowering of the 
power factor, commercial cascade sets invariably have a small sec- 
ond motor with very few poles compared with the main motor, the 
magnetizing current required by the second motor being, therefore, 
small. The expression for the slip shows that in such a case the cas- 
cade speed is not very much below the normal synchronous speed of 
the main motor. If more than two speeds are required, cascade 
control can be combined with pole changing ; such sets are in fairly 
extensive use for driving rolling mills and mine ventilating fans. 
(d) CascaDE ConTROL witH Rorary CoNVERTOR AND AUXILIARY 
Direct-Current Motor. This is known as the Kramer system. 


It will be seen that in the ordinary * } Noe 

cascade control, speed variation is EPS 

obtained by utilizing the slip energy C Sows 
Oninwiator 


of the main rotor in a second motor, 

instead of wasting it in a rheostat. 

In the Kramer method this slip 

energy is first converted into direct 

current energy by means of a rotary 
convertor (Fig. 296), and it is then Jyauction 
utilized in a direct current motor “tor 
which is direct coupled to the main eahe Bath 
motor. The speed is controlled merely Teh det eh cA 
by altering the excitation of the 
direct current motor. This alters the Hig) 207, 

back E.M.F., which, being approx- CommutTator Moror In CasoapE 
imately the same as the voltage at the commutator of the 
rotary, alters the voltage at the slip rings of the latter. This slip 
ring voltage is injected into the rotor circuit of the main motor and 
causes the required reduction in speed. The advantage of this 
method is that any speed within the working range can be obtained, 
instead of only two or three speeds by the other methods. Also, if 
the rotary convertor is designed to operate with high excitation, 
it will take a leading current, and thus considerably improve the 
power factor of the set. 

The Kramer system can be used with a flywheel load equalizer 
if means are provided to reduce the speed automatically when the 
load increases. This is done very simply by compounding the 
auxiliary D.C. motor. An increase in load causes an increase in 
rotor current in the induction motor, and this in turn passes through 
the rotary to the direct current motor, whose back E.M.F., as a 
result of the increased series excitation, increases. ‘This, as ex- 
plained previously, brings down the speed, so enabling the flywheel 
to give up some of its stored energy. With a load equalizer of this 
kind the system is frequently used for driving continuously running 
rolling mills. Without the load equalizer, and with a shunt excited 
auxiliary motor, it is used for driving mine ventilating fans. 
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(e) CascapE ConTROL WITH AUXILIARY POLYPHASE COMMUTATOR 
Macuine.* Imagine an ordinary induction-motor rotor, without a 
stator, provided with the usual slip-rings and supplied with alter- 
nating current from an external source. If the rotor is stationary 
a rotating magnetic field will be set up, this field travelling at 
synchronous speed with respect to the rotor, and therefore at syn- 
chronous speed in space. The field will induce in the rotor a back 
E.M.F. in a manner similar to the production of a back E.M.F. in 
the primary winding of a transformer on open circuit, and the cur- 
rent which flows will be practically wattless, and its magnitude will 
be limited almost entirely by the stand-still reactance of the rotor 
windings. If the rotor is provided with a commutator as well as 
with slip-rings, the arrangement then being that of the rotor of the 
rotary convertor (see Chap. X XI), there will be an E.M.F. of supply 
frequency between any brushes pressing on the commutator. This 
E.M.F. will not vary in magnitude if the brushes are rocked round 
the commutator and the angular spacing of the various brushes kept 
constant, but it will obviously vary in time-phase whenever such 
movement of the brushes is carried out. In fact, if the brushes are 
capable of movement throughout two pole pitches, phase displace- 
ment through 360 electrical degrees will be possible. : 

Now suppose that the rotor is made to rotate, say, in a direction 
opposite to that of the rotating magnetic field, then since the tapping 
points to the slip-rings are points which are fixed relative to the 
rotor winding itself, the rotating field is compelled to maintain its 
synchronous speed relative to the rotor itself. Thus, if the rotor 
itself moves in the above stated direction, the actual velocity of the 
rotating field in space will be reduced. If the rotor speed is just 
equal to the synchronous speed, the rotor field will be stationary in 
space, and the voltage appearing at the commutator end will then 
be unidirectional, as distinct from alternating. The r.m.s. value of 
this voltage is, however, unaffected by the movement of the rotor, 
because it is fixed by the relative velocity of the rotor itself with 
respect to the rotor field, and as we have seen, this relative velocity 
is always equal to the synchronous velocity. 

If the speed of the rotor is not equal to its synchronous speed, 
then the E.M.F. at the commutator will have a frequency equal 
to the differerice between the actual and the synchronous speeds, 
so that in this respect the appliance becomes a frequency con- 
vertor. In this form it can be connected in cascade with a large 
induction motor, and used for the purpose of speed regulation. 
There are three points to notice in connection with this frequency 
convertor— 

(1) The frequency of the alternating voltage appearing at the 

* The best student’s book on commutator motors is The Commutator Motors 


by Teago. A larger work is The A.C. Commutator Motor, by Olliver. The 
commutator motor is also discussed at greater length in Chapter XXII. 
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commutator is not proportional to the speed of the convertor, but 
to the difference between its speed and the synchronous speed. 

(2) For a given angular spacing of the brushes, e.g. three brushes 
spaced 120° apart for a three-phase two-pole machine, the E.M.F. 
is independent of the brush position. 

(3) The time phase of this E.M.F. can be altered by rocking the 
brushes round the commutator. 

It is also to be noted that although we have only considered 
three-phase current fed to the slip-rings in the above discussion, 
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Fie. 298. SprEp Controt or Large InpuotiIon Motor spy FREQUENCY 
CoNVERTOR 
the number of phases of converted-frequency current taken off at 
the commutator can be anything we like, being fixed simply by the 
number and spacing of the brushes. 

Now consider a winding having a commutator and having the 
alternating-current supply brought to the commutator instead of 
to the slip-rings. It is now to be noted that as long as the brushes 
are set in a definite position, the current is supplied to the rotor, not 
at points which are fixed relative to the rotor winding as when 
slip-rings are used, but at points which are fixed in space. This is so 
because, the brushes being fixed, the commutator puts them in 
electrical connection with the various rotor coils in succession. The 
result of this arrangement is that the rotor field always travels in 
space at synchronous speed, no matter what the actual speed of the 
rotor itself may be. It is therefore possible for a rotor fed in this 
manner to run at any speed inside a polyphase stator and still have 
a unidirectional torque acting on it, and this, in brief, is the mode 
of operation of the polyphase commutator motor. In fact, the rotor 
can run in any direction, because this direction does not influence 
the direction of the rotor field, which is decided only by the electrical 
phase sequence of the brushes pressing on the commutator. 

The actual frequency of the currents flowing through the rotor 
windings is, of course, the slip frequency, this condition holding, no 
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matter how the current is supplied to the rotor, i.e. whether induced 
as in the plain induction motor, or whether supplied to a commutator 
from an external source. Hence, with this method of supply also, 
the commutator acts as a frequency convertor. 

It is also to be noted that in the case of the rotor of an induction 
motor, the commutator need not be part and parcel of the rotor 
construction, i.e. not integral with the machine as in the case of a 
direct-current armature and its commutator, since the action is 
exactly the same if the commutator and the winding connected to 
it constitute an entirely separate armature driven by a small motor. 
A separate frequency convertor of this type can be applied to the 
speed control of a large induction motor, one such scheme being 
given in Fig. 298. A is the main motor which, after being started 
up by an ordinary resistance starter, has its rotor winding connected 
to a frequency converter B. This, as explained above, is a rotor 
provided with both commutator and slip-rings; a stator winding is 
not required, but the iron part of the stator is provided so as to 
give a low reluctance path for the magnetic flux. It will be seen 
that the frequency convertor is fed with alternating current from 
the rotor of the main motor at its commutator end. The current 
taken off at the slip-ring end of this convertor is used as supply for 
a synchronous motor D, which is direct-coupled to the main motor 
A, The frequency convertor is driven by another synchronous 
motor C. Suppose the main motor is running with a fractional slip 
of o, then the frequency of the currents supplied to the commutator 
end of the frequency convertor is of, with the result that the rotating 
field of this machine will rotate at a speed of oN ,. The actual rotor 
speed due to the synchronous motor drive is NV, the relative speed 
of rotor to rotating field thus being V,(1-—o). Hence the frequency 
of the current taken off at the slip-rings is f(1 -—) and the speed of 
the synchronous motor D is V,(1—¢). But this is also the speed of 
the main motor A to which it is coupled, showing that the frequency 
convertor used in the above manner supplies D with current of the 
correct frequency. The speed is obtained, as in the Kramer control, 
by varying the excitation of D, while power-factor control is obtained 
by varying the excitation of the synchronous motor C. 

The discussion of polyphase commutator motors as distinct from 
frequency convertors is somewhat beyond the scope of this book, 
but it can be said that they have a stator winding of the ordinary kind, 
while the rotor has a winding like a direct current armature with a 
commutator. The stator can be shunt, series, or compound excited, 
as in a D.C. motor. The method of connecting a shunt commutator 
motor in cascade with an induction motor is shown in Fig. 297. It 
will be seen that the stator is supplied through a regulating trans- 
former, and the speed of the set is adjusted by means of this 
transformer. The effect of an alteration of the number of turns on the 
secondary winding is to alter the back E.M.F. of the commutator 
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motor, and thus to alter the speed of the set. The speed torque 
characteristic of a set of this kind is fixed by the characteristics of 
the commutator motor, being similar to that of a shunt or compound 
motor, according as the commutator motor is shunt or compound 
wound. 

11. Squirrel-Cage Motors with High Starting Torque. The 
ordinary squirrel-cage motor suffers from the disadvantage that, 
owing to its very low rotor resistance, its starting torque is very low. 
Many attempts have been 
made to produce a squirrel- 
cage motor with high start- 
ing torque. In the 
Boucherot motor the rotor 
has two separate squirrel- 
cages, one inside the other, 
asin Fig. 299. The outer one 
is of high resistance metal, 
and the inner one of 
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copper. The inner winding is much farther from the periphery of 
the core, its bars are surrounded by more iron, and therefore, its 
inductance is higher than that of the outer high resistance winding. 
At the moment of starting, the rotor induced currents are at full 
line frequency, and therefore the reactance (27Zf) of the inner 
cage will render its impedance so high that the rotor currents at 
starting will be confined to the outer cage, in spite of its greater 
resistance. The starting torque will therefore be high. As the motor 
speeds up, the frequency of the rotor current decreases, and the 
reactance of the windings becomes of less importance than the 
resistance. Hence, when running at full speed, when the rotor 
frequency is only of the order of one or two cycles per second, the 
impedance of the windings will depend only on their resistances. 
The rotor current at full speed is thus confined mainly to the inner low 
resistance winding, and the efficiency of the motor is therefore high.* 

In a squirrel-cage motor recently evolved by Dr. Wall,} the rotor 


* The theory of the double-cage motor is given in Behrend, The Induction 
Motor, and Punga and Raydt, Modern Polyphase Induction Motors. 
+ See Journ. I.H.H., Vol. 63, p. 287. 
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bars each consist of a simple form of transformer. Now when the 
secondary winding of a transformer is closed, the equivalent 
resistance of the primary winding depends upon the frequency, 
and increases with increase of frequency. If each rotor bar acts 
like a transformer, then at starting, when carrying currents of line 
frequency, the equivalent resistance will be high. When running 
normally, the rotor frequency is so small that the equivalent 
resistance is practically the same as the ordinary resistance 
of the rotor, the efficiency therefore being high. The first 
- rotor bar used, consisted of a copper bar surrounded by, but lightly 
insulated from, a steel tube coated inside and outside with chemically 
deposited copper. A simpler construction, and one which functions 
just as well, is to fit a steel tube over the rotor bar without any 
special insulation, and to copper-plate the whole composite tube. 
The steel tube and main bar are thus in electrical contact, and the 
composite bar is an auto-transformer instead of an ordinary 
transformer. 

12. The Induction Motor run as a Synchronous Motor. At the 
present time it is becoming common practice to use synchronous 
motors for drives where an absolutely fixed speed is not a dis- 
advantage, e.g. for air compressors. The disadvantage of the 
ordinary synchronous motor is that it will not start under load. 
By employing an induction motor, starting against full load torque 
is obtained, and when full speed is attained the motor is converted 
to a synchronous motor by sending direct current through its rotor 
winding. ‘This is done by switching over the rotor from the ordinary 
starting resistance to a D.C. exciter, usually direct coupled, as shown 
in Fig. 300. It will be seen that one rotor phase carries twice as 
much direct current as the other two, but although special windings 
have been evolved to avoid this, it is of little importance, because 
each rotor phase consists of conductors distributed over the whole 
periphery, the danger of unequal rotor heating therefore being 
avoided. 

Now when the rotor carries only induced alternating currents, 
the rotor field slips past the rotor bars, and any motor speed. is 
possible, according to the frequency of these currents. When the 
rotor carries direct current, the rotor poles are fixed relative to the 
rotor itself, and therefore, since the rotor field must travel at syn- 
chronous speed with the stator field, the rotor itself must also 
travel at synchronous speed. The induction motor action cannot 
bring the rotor quite up to synchronous speed, and therefore, when 
the rotor is switched over from the starting resistance to the exciter, 
the induction motor slip speed has to be made up. When running 
uniformly at synchronous speed the rotor will carry direct currents 
only, but if there is any departure from this speed the rotor will 
carry in addition induced alternating currents. The rotor being 
of low resistance, and the exciter also of low resistance, its winding 
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acts as a damping winding, and it is not necessary to provide a 
sepereis damping winding, as in the salient pole synchronous 
motor. 

Consider what happens when the direct current excitation is 
switched on. A synchronizing torque is suddenly set up, its 
magnitude being given by an expression 7',, : 
sin 0, where 8 is the angle between the rotor 
and stator fields. Also, there is an induction 
motor torque which, as we have seen, is pro- 
portional to the slip, d6@/dt, as long as the slip 
is small. If the motor is started under load 
there is a constant load torque, and finally there 
is the torque Jd?6/dét? required to accelerate the 
rotor. The variations in slip speed (not actual 
speed) are therefore represented by the varia- 
tions in speed of the mechanical model repre- 


Fie. 301 
sented in Fig. 301. A disc of moment of inertia 1° =tustRaTe 


I can rotate on a horizontal axis, and a weight Sas 


W, is suspended by a string passed round it. If the radius of the disc 
is unity and this weight W, is numerically equal to the load torque, 
then the torque produced by W, will represent the load torque. 
It will try to accelerate the disc, just as the load torque in the 
actual motor tries to accelerate the slip, and therefore, reduce the 
actual speed. If the disc is acted on by a frictional torque pro- 
portional to its speed, then this torque will represent the induction 
motor torque in the actual motor. If these are the only external 
torques acting on the disc, then a uniform speed will be attained 
when they are equal and opposite. This uniform speed corresponds 
to the uniform slip speed of the induction motor before the direct 
current excitation is switched on. 

Now suppose that another weight W, is suddenly clutched to the 
periphery of the disc. If this weight is numerically equal to the 
torque 7’,,, the torque set up by it when it is in any angular position 
from the vertical will be 7',, sin @. Thus it will represent the 
synchronizing torque produced by the sudden application of the 
direct current excitation. There are now two possible conditions 
of motion of the model; firstly, it may come to rest with the weight 
W,in such a position that the torque 7’,, sin 0 due to it just balances 
the load torque due to the weight W,. If this happens the slip 
velocity is zero, which means that the actual motor has pulled into 
step and is now running uniformly at synchronous speed. The 
value of the angle 0, which makes these two torques balance, is 
the angle by which the rotor poles will lag behind the stator poles. 
Secondly, the disc may continue to make whole revolutions, its 
speed being greater when W, is at the bottom than when W, is at 
the top. In the actual motor this means that the slip speed is not 
uniform, the motor being therefore subjected to violent mechanical 
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stresses. In order that the motor may pull into step, it is necessary 
that in the model of its slip motion, the disc shall come to rest. 
It is therefore necessary that the weight W, shall be sufficiently 
large ; and secondly, that it shall be clutched on to the disc some- 
where near the bottom position, so that it immediately begins to 
exert a retarding torque on the disc. Clutching on the weight W, 
at the bottom is similar to switching on the direct current excitation 
at the moment the induced rotor fields and stator fields are in line. 
This position is indicated by the induced stator current passing 
through its zero value, and therefore, if a moving coil zero centre 
ammeter is included in the rotor circuit, this ammeter will indicate 
when to switch on the direct current excitation.* 

The induction motor run as a synchronous motor has the 
following advantages compared with the ordinary salient pole 
synchronous motor— 


(a.) It will start and synchronize against full load torque, whereas 
the ordinary synchronous motor must be started under no load 
conditions. 


(6.) Its air gap is not much greater than that of an ordinary 
induction motor, whereas the gap of a salient pole motor is long. 
The exciter is not therefore of such large capacity as that for a 
salient pole motor, but on the other hand, it must be a low-voltage, 
heavy-current machine owing to the very low resistance of the rotor 
winding. 

(c.) The rotor winding combines the functions of exciting and 
damping winding: the salient pole motor requires a separate 
damping winding. 


(d.) No special starting gear isrequired. The salient pole motor 
must be started up either by a separate starting motor, or by 
applying a reduced voltage to the armature, either method involving 
complication and extra control gear. 


The above comparison shows that if a mechanical load is to be 
driven, but at the same time the phase advancing properties of the 
synchronous motor are to be utilized, then the autosynchronous 
motor is a good proposition. If the synchronous motor is to act 
as a phase advancer only, without doing any mechanical work, then 
the salient pole type is the best, because owing to its longer air 
gap it is able to supply a greater amount of wattless leading kVA 
without becoming unstable. 

In practice the choice between the salient-pole type and induction- 
motor type depends upon the conflicting requirements of high 


* For a complete account see Cotton, ‘‘The Pulling into Step of the Syn- 
chronous Induction Motor,” Journ. I.H.H., Vol. 63, p. 211. This paper has a 
very extensive bibliography. 


THE INDUCTION MOTOR 367 


starting torque and high synchronizing torque, and stability during 
synchronous motor operation. The salient pole motor cannot 
develop a starting torque equal to that of the induction-motor type 
unless elaborate and expensive modifications are made to the 
machine, and consequently where a high starting torque is necessary 
the induction-motor type is preferable. On the other hand, the 
salient-pole machine has a field system which is magnetically strong 
in comparison with the armature, because of the long air gap, with 
the result that it is very stable on violently fluctuating loads. The 
induction-motor type is at a disadvantage in this respect, as the 
very small air gap means a magnetically weak rotor, and therefore 
violent phase swinging when the load varies. The best field of 
application of the synchronous-induction motor is, therefore, for 
drives requiring a heavy starting torque, but in which the load 
torque is fairly steady. ; 

13. Circle Diagram of the Induction Motor. The total stator 
flux produced by the stator current consists of two portions, 
namely— 


®, = useful stator flux, i.e. the flux from the stator which 
enters the rotor 


F, = leakage stator flux, i.e. the flux from the stator which 
does not enter the rotor. 


Similarly, for the flux produced by the rotor currents, we have 
the useful rotor flux ®,, that rotor flux which enters the stator, and 
the leakage rotor flux F',, that rotor flux which does not enter the 
stator. Then the total stator and rotor fluxes are (®, + F,) and 
(®, + F,) respectively, and we have 


it He Z A,, the stator leakage factor 

1 

oat + A,, the rotor leakage factor. 
2 


Since the induction motor acts like a transformer, the total 
stator and rotor fluxes will be nearly, but not exactly, in phase 
opposition. Draw OA (Fig. 302) to represent the total stator flux, 
and mark off OC = F,, CA=®,. Draw AB to represent the 
total rotor flux, making AD = ©, and DB = F,. Then the result- 
ant stator flux, which is equal to the vector sum of the total stator 
flux and the useful rotor flux, is equal to the vector sum of OA and 


AD, namely, OD. yt : 
Now, as in a transformer, we are justified in assuming that the 
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resultant flux remains constant. Also, since the wattless compon- 
ent of the no load current is proportional to this flux, we see that 
OD represents, to another scale, the wattless or magnetizing com- 
ponent of the no load stator current. 

Again, the resultant rotor 
flux is the vector sum of 
the total flux produced by 
its own current and the flux 
entering the rotor from the 
stator. It is therefore the 
vector sum of AB and CA, 
that is, CB. Now the stator 
and rotor currents are in 
phase with the fluxes they 
produce, namely, OA and 
AB respectively. The rotor 
current is induced by the 
oscillations in the resultant 
rotor flux CB, and therefore, the rotor current is in quadrature 
with the flux CB. Hence, the angle ABC is a right angle. Pro- 
ducing AB to H, and drawing OF parallel to CB, we have, 
Z OED = 90°, and therefore, the locus of H is a semicircle. Now 


Fria. 302 
InpvucTIOoN Motor Cirrc~n DiaGRAm 


“”' = A,‘ A,-1 =a constant. 


Hence, the locus of A is also a semicircle with its centre on OD 
produced. 

Assume first of all an ideal motor with no losses. OA represents 
the stator current, and AB the rotor current to the same scale, 
Hence, AD represents the rotor current to a slightly different scale 
since 

AB 

AD 
Hence the point D represents the no load working point. The 
motor will be running at synchronous speed, since we are assuming 
no losses, and therefore, the rotor current will be zero. The point 
F at the extremity of the current locus will be the “ standstill ” 
point, that is, OF will be the stator current flowing if the rotor is 
clamped and full voltage applied. 


The quantity (A,A,-1) is called the “ dispersion coefficient,” 
3, say. Hence 


OD MMos. 

DFS DAYS 
Calling the diameter D/’, unity, we therefore have OD = 6. We 
shall see that for a given magnetizing current it is desirable that 


= A,, a constant. 
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the diameter of the circle shall be as large as possible, and therefore, 
6 must be as small as possible. In order to keep 6 small the 
magnetic leakage must be reduced to a minimum, and since the 
leakage depends mainly on the width of the air gap, induction 
motors have an exceedingly narrow air gap. 

Since the magnetizing current is in quadrature with the applied 
voltage, the voltage will be represented in phase by the direction 
of OY. 

Hence, for any working point A, we have— 


Stator current per phase J = OA 


Angle of lag y= ZYOA 

Power factor = COS Y 

Intake = V3 EI cos 
= V3H x AN 
oc AN 


The angle of lag is a minimum, and therefore, the power factor, a 
maximum when the stator current vector is tangential to the 
circle, as at O7' (Fig. 303). 


.. Max. power factor = COS Mmin 


Laie ele a ak Te 
OM Sig 
| Fig. 303 
pe eee CoNSTRUCTION FOR 
1+ 26 Maxmum PowrErR Faoror 


Thus, to secure a good power factor it is necessary that 6 should 
be small. 

The effect of the various losses taking place in the motor is to 
modify the diagram. Consider first of all the copper losses. Since 
the motor acts like a transformer, the ratio of stator to rotor 
current is constant. Hence 


Total copper loss oc (rotor current)? 
oc AD? 
oc DN x DF 
ec DN, since DF is constant 


Draw a line DG of fixed inclination (Fig. 302). Then DN is pro- 
portional to NN’; and if the inclination is so chosen that NN’ 
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represents the copper losses to the same scale that AN represents 
the intake, the standstill point will be at G instead of FP. 


NN’ can be divided at N”’, such that 


N'N” = rotor copper loss, and N’’N = stator copper loss. 


Now consider the iron losses. As in a transformer, the resultant 
stator flux is approximately constant, and therefore, the stator 
iron losses are sensibly con- 
stant. The iron losses in 
the rotor can bé neglected 
because of the very slow 
frequency of magnetic re- 
versal under working con- 
ditions. Again, the fall in 
speed within the working 
range is so small that the 

Fia. 304 friction and windage losses 
ComPLeTe Crrcte Diagram can also be taken as being 
constant. The stray losses 
are therefore constant, and the small working component of the 
stator current required to supply these losses will be constant. The 
intake of the moter without lossesis AN. Hence, marking off NN’”’ 
to represent the stray losses (Fig. 304), we have for the intake 
corresponding to the working point A the length of the vertical 
AN’’, Drawing a horizontal through AN’’, we get O’ for the 
origin of the actual diagram when losses are taken into account. 
The actual no load current per phase, J,, is therefore O’D, O’O 
being its working component, and OD, the magnetizing component. 
For any working point A 


the stator current = O’A . 


Intake = AN 
Total losses = N’N’” 
.. Output = AN’ 
. AN' 
Effi POY Sst 
ec A wee 


The maximum output occurs when the working point is at K, 
where K is such that the tangent at K is parallel to DG. 

The torque is proportional to the rotor intake, i.e. to the sum 
of the output and the rotor copper loss. It is therefore repre- 
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sented by AN”, and it is a maximum when the working point is 
at L, where the tangent at L is parallel to DH. Thus the length 
of the vertical from Z on to DH gives the pull-out torque. 


Slip = rotor copper loss 
rotor intake 


ri N'N” 


AN" 


at the standstill point G, N’N” becomes 
GP, and AN’ also becomes GP, the slip 
then being unity. The starting torque 
without any added rotor-resistance is 
obviously the torque at standstill, 
namely, GP, and we see that this is 


very small. If resistance is inserted Fie. 305 
in the rotor circuit this is equivalent Inpuction Motor 
: CHARACTERISTICS 


to increasing the inclination of DG, 
but not of DH. Hence, the standstill 
point is brought more to the left of the diagram. If the resistance 
added to the rotor is increased, the point G moves more and more 
to the left, and we see that the length GP first increases, then 
reaches a maximum, and finally decreases. This agrees with the 
variation of starting torque with rotor resistance as derived 
analytically. 

It is easily deduced from the circle diagram that if the per- 
formance characteristics are plotted against the torque, the various 
curves will turn back at a value of the torque equal to the pull-out 
torque. This is shown in Fig. 305. 

14. Experimental Determination of the Circle Diagram. The 
following tests are performed: First, the motor is allowed to run 
light with full voltage applied to the stator. The stator current 
per phase, J,, is measured, and also the no load intake W,, measured 
by the two wattmeter method. Then the power factor at no load 


Bek i ais 
metea/ 3ei77, | 


Thus both J, and », are known, so that the no load current vector 
OA (Fig. 306) can be drawn. 

Next, a brake is put on the motor so that the rotor is either 
clamped or allowed to crawl round slowly, the slip-rings being 
short-circuited. This is analogous to the short-circuit test on a 
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transformer, and it is therefore necessary that a reduced voltage 
should We applied, this 
voltage being adjusted until 
the stator current is equal 
to the normal full load cur- 
rent. If the applied volts 
E,, the stator current J,, 
and power W, are measured 
as before, then we have ~ 


Cos 9, = 


Fie. 306 
CoNSTRUCTION OF CIRCLE DIAGRAM 


alias 

V3 E,l, 

so that the angle gy, can be 
calculated. Now the short- 
circuit current would be very much greater if the normal voltage 
were applied, and we have, approximately, standstill current with 
full voltage applied 

E 


= I = 
ae 


This gives the length of the stator current vector at standstill, and 
since its phase angle g, is known, we can locate the standstill 
point C. 

In making this test it is preferable to allow the motor to crawl 
round slowly, since in this way the reluctance of the gap, which 
varies with the relative positions of the rotor and stator teeth, 
will have its average value. Obviously the speed must be very 
low or a back E.M.F. would be induced, the resulting point C 
then not being the true standstill point. 

The centre of the circle is on the horizontal through A, and both 
A and C are points on the circle; hence, bisecting AC at right 
angles, we obtain Q, the centre of the circle which can therefore 
be drawn. 

In order to draw the torque line it is necessary to separate the 
stator and rotor copper losses. This can be done in several ways. 
The power W, in the standstill test is equal to the total copper 
losses, because the iron losses at the reduced voltage are negligible. 
If R, is the stator resistance per phase, then the stator copper loss 
during this test is 3/,?R,, and the rotor copper loss, therefore 
(W,- 31,?R,). Hence, the perpendicular CD in the diagram is 
divided in the ratio 


CH _W,- 312k, 
Say AY 


the torque line AH then being drawn. This is the easiest method 
to apply if the motor has a squirrel-cage rotor. If the rotor is 
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phase wound, then the stator and rotor resistances per phase can 
be measured separately. For any stator and rotor currents [ , and 
I, respectively, we have 


Rotor copper loss __/,?R, _ R, (7 2) 


Stator copper loss wai ehh, I, 


The transformation ratio (I,/I 1) can be obtained by including 
ammeters in the rotor circuit 
during the short-circuit test. 

We have seen how to 
calculate the power factor, 
efficiency, and slip for 
different values of the 
stator current per phase. 
We can also find the intake 
and output in watts, and 
the torque in lb. foot units, 
by the following equations. 
Let # = line volts, Then for 
any working point P, if the 
lengths PR, PM, and PN 
are measured on the current 
scale, 


-----~- Stator Siet Leakage ------. 
; ¢ 


Fic. 307 ~ 
LEAKAGE IN InDvUoTION Motors 


Intake = V3 E x PR 
Output = V3 E x PM 


V3 Bx 33,000 
Torque 746 x Da, se PN 
where J, is the synchronous speed in r.p.m., namely, 120f/p. 

15. It will be seen that the characteristics of an induction motor 
depend very largely upon the value of the dispersion coefficient 4, 
and therefore, upon the stator and rotor magnetic leakage fluxes. 
Magnetic leakage in an induction motor can take place in several 
ways, as illustrated in Fig. 307. 

(a) Slot leakage. This flux passes across the slots and along the 
tops of the teeth. 

(6) Fluxes which zig-zag backwards and forwards between the tops 
of the stator and rotor teeth. This leakage is called the “ zig-zag ” 
ledkage. 

(c) End leakage. This takes place at the projecting ends of 
the coils.* 

16. The Equivalent Circuit of the Induction Motor. We have seen 
that the induction motor is essentially a transformer, and conse- 


* For a more complete discussion of induction motor leakage, see any 
standard textbook on the design of electrical machinery. 
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quently it can be represented by an equivalent circuit similar to 
that of the transformer, as given in Fig. 213. There is, however, 
one essential difference, and that is, that the motor acts like a 
transformer whose secondary (rotor) resistance varies with change 
of speed. This is shown by the following reasoning 


oKE, 
KE, 


R,\2 
N(2Y +39 


KE, 


mene & 
Mey 


The effect of speed can thus be regarded as changing the secondary 


I,= 


8 


V,-N 


resistance from R, at standstill to R, at any speed V. The 


change in resistance is therefore 
N, N 
BaD toy sae Weeeen 
Hence, if we denote the reciprocal of the transformation ratio K 
by & we have for the equivalent circuit the accurate form of Fig. 
308 (A), and the approximate form of Fig. 308 (B). Using the 
approximate circuit, we see that the current J, flows through a 


variable resistance } (r, + k?. r,) + k? 


: < W's in series with a 
constant reactance (x, + k?x,). The two voltage drops in these will 
be— : 


frit Br) + Ty ta| dy 


in phase with /, and (x, + k*x,)J,’, in quadrature with J,. But 
the vector sum of these two drops is the applied voltage H,, and 
therefore, since the two component voltages are in quadrature, the 
voltage triangle will lie in a semicircle as shown in Fig. 309. In this 
triangle O’A is the reactance drop and AB the resistance drop. Also, 
since the reactance is constant, O’A is also proportional to the 
current J,’, which is the current induced in the stator by the rotor 
current, exactly as in the case of a transformer. The total stator 
current is J,, which is the vector sum of J,’, and J, the no-load cur- 
rent, this latter having a magnetizing component J, and a working 
component J,,. Hence, the triangle OO’A is a current triangle, OA 
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being the stator current, and O’A the rotor current (referred to the 
stator). It is obvious that the diagram thus obtained from the 
equivalent circuit is the circle diagram as developed previously by 
another method. The standstill point, D, will be that for which V 
is zero, the resistance therefore being (7, + k*r,). By giving r, a 
series of values, as, for example, when a rotor starter is used with a 


2 
Tr, x; kr, k 22 


A) 
J, I; ; 


Fie. 308. EquivaLent Circurr or InpuctIion Motor 


slip-ring motor, any desired position between the extremes O’ and D 
can be secured for this point.* 

17. Testing of Induction Motors. The following tests are made on 
induction motors— 

(a) No-load Test at Normal Voltage and Frequency. This gives the 
no-load current and power factor and also the sum of the core loss 
and friction loss. 

(6) Test at Reduced Voltage with Rotor Hither Stalled, or Allowed to 
Rotate Very Slowly. This test gives the short-circuit current and 
power factor, so that the results of tests (a) and (6b) along with 
resistance tests on the windings give sufficient data for the circle 
diagram to be drawn. 

(c) Heat Run. It is possible to perform a regenerative test on two 
induction motors, but the test is difficult and is rarely carried out. 
The usual method is to couple the motor to a direct-current generator 
and to load up this machine by means of a resistance load, if of 
small size, or to adjust its excitation so that when paralleled on to 
a D.C. supply it returns energy to this supply. The excitation is, 
therefore, adjusted so that the induction motor takes its normal 
full-load current from the A.C. supply. This test gives the tempera- 
ture rise of the different parts of the motor, usually by direct 
measurement with thermometer, and also information for the 
calculation of the efficiency. No attempt is made to calculate the 


* For further development of the theory of the induction motor, and of 
other A.C. motors, as well as circuit theory, see Mallett, Vectors for Electrical 
Engineers. 
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efficiency directly from the intake of the D.C. generator, since this 
method is liable to considerable errors. Instead, the various losses 
in the motor are determined separately, and the total losses then 
obtained by adding together the individual losses. This is called 
the segregation of losses method, and it is the best method for all 
classes of electrical machinery. The intake of the motor on load is 
determined by the two-wattmeter method, and the stator voltage, 
stator current, and speed, or slip, read. As is shown later, the value 


Fia. 309 DERIVATION oF CrrcLE DIAGRAM FROM 
EQUIVALENT CIRCUIT 


of the slip is used in the calculation of the efficiency, and some 

method of determining the slip accurately is therefore necessary. 

The slip is given by 
N,-N 

N, 
and therefore it can be calculated from measured values of V, and JN, 
but since the difference (VV, — NV) is so small in comparison with J,, 
a small error in either measurement will lead to a considerable error 
in the calculated value of o. 

Tn the case of machines with very small slip, a good method is to 
connect a zero-centre, moving-coil ammeter in one of the connec- 
tions between slip-rings and starter. The very low-frequency current 
through the instrument will cause the pointer to oscillate backwards 
and forwards at slip frequency, one complete oscillation (i.e. one 
“swing-swang’’) of the needle corresponding to one complete cycle 
of the rotor current. Thus, by timing the needle with a stop-watch, 
a very accurate determination of the slip can be made. 

The stroboscopic method is another good method. In this, a 
white disc with black sectors, the number of sectors being equal to 
the number of poles, is mounted on the motor shaft and is illumin- 
ated by light which is intermittently blotted out, as, for example, 
by being made to pass through a rotating disc with equidistant slits 
in the periphery. Suppose this disc is driven by a small synchronous 
motor, and that there are as many slits as the driving motor has 
poles, then the interval between the glimpses of the painted disc — 


o= 
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will be equal to the time taken for the synchronous motor to rotate 
an angular distance equal to the pole pitch, namely, half the periodic 
time of the supply. If the induction motor rotated at synchronous 
speed its disc would rotate through an angle equal to the spacing 
of the black sectors during this interval, so that at each glimpse 
the pattern would appear to be in the same position, i.e. stationary 


(H. Tinsley & Co.) 
Fic. 310. Dryspate StrrRoBoscoric Sure METER 


in space. But since the motor travels at a speed less than synchro- 
nism, the angular distance travelled by a sector during the period 
between two glimpses will be less than the sector pitch, and as a 
result the disc will have the appearance of rotating backwards 
slowly. The speed of the pattern is timed with a stop-watch, and 
this speed is the slip speed, the speed at which a synchronous motor 
would run if supplied at slip frequency. : 
.. Slip frequency = of = im cycles per sec. 

where 7 is the observed speed of the pattern in revolutions per 
minute. 

If the disc can be screened from the light, the same phenomenon 
can be observed if the disc is illuminated by a number of neon lamps 
in parallel, worked from the stator supply. With either method 
observations are easy to make so long as the slip is small; but with 
a large slip the speed of rotation becomes so fast that, combined 
with the eyestrain caused by the intermittent illumination of the 
disc, the timing of the disc becomes difficult. This is overcome in the 
Drysdale slip meter, in which the slotted disc, instead of being driven 
directly by the synchronous motor, is driven by a conical roller. 
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When making an observation the speed of the disc is varied by sliding 
it along the roller until a position is reached at which the pattern 
appears stationary. The slip is then read directly from a scale on 
the instrument. This instrument is illustrated in Fig. 310. 

The method of calculating the efficiency of the motor from the 
results of the test is best illustrated by a numerical example. It 
will be seen that the slip is required in order that the rotor /?F loss 
may be separated from the total copper losses. 

The results of no-load and full-load tests on a three-phase mesh- 
connected motor were as follows. The intake as measured by the 
two-wattmeter method gave 3,000 and — 550 watts on no-load, and 
39,000 and 23,500 watts on full load. The motor had four poles, 
the supply frequency was 50, full-load speed 1,460 r.p.m., stator 
resistance per phase (hot) 0-13 ohm. No-load current 25 amp., 
full-load current 92 amp. per line. 

Stray losses + no-load stator J?R loss 


= 3,000 - 550 = 2,450 watts 


2 25 . 
No-load stator J?R loss = 3 x Ga) xX 0-13 
= 82 watts 
Stray losses = 2,450 - 82 = 2,370 watts (say) 
Full-load intake = 39,000 + 23,500 = 62,500 watts 
Stator J?R loss =='3\ ( All x 0-13 = 1,100 watts 
V3 
Rotor intake = 62,500 — (1,100 + 2,370) 


= 59,030 watts 
Synchronous speed NV, = 1,500 r.p.m. 


Actual speed N = 1,460 r.p.m. 
oN SAN, 1,500 — 1,460 
* Of slip 8 Se ete oe 
% slip Y, x 100 1,500 x 100 
= 2-66 
2-66 
Rotor J? | paper te 
otor 08s too * 59,030 
= 1,570 watts 
Output = Rotor intake — rotor J?R loss 


= 59,030 — 1,570 
= 57,460 watts 


Intake = 62,500 watts 
. __ 57,460 
ep, t 

ercentage = 59.500 500 x 100 


= 919%, 
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It will be seen that the above method necessitates that the motor 
shall be put on full load. If this is not possible, then it is necessary 
to draw the circle diagram from the results of no-load and locked 
tests, and to determine the efficiency from that. 

18. The Induction Motor run as a Generator. If the rotor of 
an induction motor is driven by another motor, or by a prime 
mover, and at the same time the stator winding is connected to a 
three phase supply, then so long as the rotor speed is less than 
synchronous speed, the rotor will develop a motoring torque which, 
for small values of the slip, is proportional to the slip. If it is 
driven at a gradually increasing speed, its torque will gradually 
decrease and will become zero at exactly synchronous speed. The 
rotor will then carry no 
induced current. If its 
speed is now increased 
above synchronism, its 
slip will be negative, the 
back E.M.F. induced in 


the stator by the pulsa- Sip=)_ = — Slip Slis0 
tions in the useful rotor a cc 
flux will be reversed, and 
will no longer have a 
component in direct ———————_fotoring. Generating — 
opposition to the supply 
E.M.F. Hence, the in- Fie. 311 


duction motor will now Torque Sip Curve 


be acting as a generator. 

The complete torque speed curve for speeds below and above 
- synchronism is as shown in Fig. 311. When the induction motor 
functions as a generator, it is called an “asynchronous” generator. 
It differs from the ordinary synchronous generator in the following 
respects— 

(a) It has no direct current excitation. 

(6) It will only generate when its stator is connected to a line 
of fixed frequency, its exciting current being the wattless magnet- 
izing current drawn from the line. This current, as we have seen, 
produces a rotating field, and there is obviously no difference 
between a rotating magnetic field produced by polyphase alter- 
nating currents, and one produced by a direct current excited 
system which is itself driven at synchronous speed. 

(c) The frequency of the magnetizing current fixes the frequency 
of alternating current supplied by the induction motor. ‘Thus the 
frequency is not affected by the speed at which the asynchronous 
generator is driven. There must be at Icast one synchronous 
alternator connected to the system in order to fix the frequency. 

(d) No synchronizing is required since the machine cannot 
generate any E.M.F. until it is connected to the line. 


‘ 
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It will be seen that such generators have a somewhat limited 
application, the most promising field probably being the utiliza- 
tion of somewhat small and variable water supplies where there 
is no hydraulic: storage, and where the whole of the available 
energy must be either utilized or wasted. They are also used in 
connection with variable speed induction motor sets. Thus, if a 
commutator motor is worked in cascade with a main induction 
motor for speed regulating purposes, it can be direct coupled to an 
asynchronous generator whose 
stator is connected to the 
supply, instead of being 
coupled to the main motor. 
In such a case the slip energy 
of the main rotor is returned 
(less losses) to the line, instead 
of being converted into 
mechanical energy. 

Asynchronous generators, or 
induction generators as they 
are commonly called, are nearly 


Y - Motor 


Generator always provided with squirrel- 

Y’ cage rotors. 
Fie. 312 The characteristics of the 
Crrotz Diagram or INDUCTION generator can be derived from 
GENERATOR the circle diagram, the working 


point being now below the 
horizontal axis. For any working point A (Fig. 312), 


Total power delivered to generator = AN’ 


Rotor copper loss =a VN S 
Stator copper loss =v N 
Stray losses == VN" 
Output = NV’ A 

i N’ wu 

SC a ae 

rayne 


Power factor = cos AOY’ 


19. The Single Phase Induction Motor. This motor is similar 
in construction to the polyphase induction motor, with the excep- 
tion that the stator has a single phase winding. The alternating 
field produced by the single phase stator current can be resolved 
into two rotating components, and if the motor is running at 
nearly synchronous speed under the influence of the forward com- 
ponent, then its velocity relative to the backward component will 
be nearly twice synchronous speed. The total torque is the sum 
of the torques developed by each of these fields, assumed as acting 
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independently. It can therefore be obtained by drawing the 
torque speed curves. The curve for the forward field is exactly 
similar to that of a polyphase motor. That for the backward field 
is below the horizontal axis, since this field produces a retarding 
torque owing to its direction; also, the curve is reversed, since 
synchronous speed to the forward field is twice synchronous speed 
to the backward field, while full speed in the reversed direction is 
synchronous speed to the backward field. The two component 
curves are shown dotted in Fig. 313, and the total torque is indicated 
by the full line curve. It 
will be seen that this 
characteristic is similar in 
shape to that of a polyphase Synch: Speed 
motor with low rotor resist- Backward 
ance, with the exceptions —----------"""~ 
that the torque is zero at a 
speed slightly less than 
synchronous speed, and it 
is zero again at zero speed. 
That is, the single phase == 
motor is not self-starting. Fie. 313 
It can be made self-starting TorQue/Siie CurvE ror SINGLE PHasE 
, F Motor 
by supplying the stator with 
an auxiliary winding for starting purposes, spacing this winding 90 
electrical degrees from the main stator winding, and arranging that the 
current through it is as nearly in quadrature with the main current 
as possible. For starting purposes, the motor is thus converted 
temporarily into a two phase motor. The most common method 
of obtaining the required phase difference is the split-phase 
method. 

A choker is connected in series with the auxiliary winding, thus 
giving it a greater reactance than the main winding. This auxiliary 
winding is only used for starting purposes, and it is cut out of 
circuit as soon as the motor attains full speed. In the Heyland 
single phase motor, the auxiliary winding is placed in a few deep 
slots; it is thus situated farther from the surface of the stator 
than the main winding, and is more deeply embedded in the iron. 
This gives it the necessary reactance. 

The presence of the backward travelling field in the single phase 
induction motor is a disadvantage in several respects. 

(a) It reduces the total torque since it acts in opposition to the 
forward field. 

(6) It renders the torque zero at starting so that an auxiliary 
winding has to be provided, thus increasing the size and cost of 
the motor. 

(c) It requires a wattless magnetizing current just as the 
forward field does, the total magnetizing current being twice what it 
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would be if the forward rotating field could be produced alone. 
This large magnetizing current gives the motor a very poor power 
factor. 

(d) Owing to the greater magnetizing current, and the fact that 
the rotor current is not zero at synchronism, the copper losses in 
the single phase motor are greater than in the polyphase motor. 
The rotor core losses are also not negligible. 

Because of the increased losses and the space taken up by the 
starting winding, it can be taken that on the average a frame 
which will give a certain horse-power at a given speed when used 
for a polyphase motor will only give about two-thirds that 
horse-power when wound as a single-phase motor. 


EXAMPLES ON CHAPTER XX 


(1) A 6-pole induction motor is supplied by an 8-pole alternator running 
at 750 r.p.m. If the slip of the motor is 3 percent, what is its actual speed ? 


Ans.—970 r.p.m. 


(2) A three phase, 50 cycle induction motor, with its rotor star connected, 
gives 100 volts (root mean square) at standstill between slip rings on open 
circuit. Calculate the current in each phase of the rotor winding when 
joined to a star-connected circuit, each limb of which has a resistance of 
10 ohms and a reactance of 10 ohms. The resistance per phase of the rotor 
winding is 0-2 ohm and its reactance at stand-still 10 ohms. Calculate also 
the current in each rotor phase when the slip rings are short-circuited and the 
motor is running with a slip of 4 per cent. (London Univ., 1922.) 


Ans.—2-58 and 5:2 amps. 


(3) Prove that, ignoring stator losses, the input to an induction motor 
working at constant virtual voltage and frequency, is approximately pro- 
portional to the torque. Give a method of changing the number of poles 
in an induction motor. (London Univ., 1921.) 

(4) A 200-h.p. three phase induction motor has at no load aspeed of about 
500 r.p.m. and aslipof1-5 per cent atfullload. Show by adiagram drawn to 
scale how you would expect the torque of this motor to vary as the speed 
is varied from 0 to-500r.p.m. (London Univ., 1921.) 

(5) Define the “slip” of a three phase motor. Draw two curves con- 
necting the torque of the motor with the slip for two different values of the 
resistance in the rotor circuits. State the connection between these two 
curves and give the theory of the curves. (London Univ., 1915.) 

(6) What arrangement would you propose for altering the speed of a 
600-h.p, three phase haulage motor ? The motor isrequired to start at twice 
full load torque, to come up to speed in 30 sec., to run for 5 min. at full 
speed, and then to stop. It is to repeat this operation every 12 min. 
(London Univ. Mining, 1920.) 

(7) State the advantages of cascade control of induction motors for 
traction work Define the term ‘“‘ cascade synchronous speed.” (London 
Univ., 1911.) 

(8) Describe a method of obtaining, economically, speed regulation in the 
case of a large three phase induction motor, the range over which speed 
regulation is desired being approximately synchronous speed to about 70 per 
cent below synchronous speed. Describe briefly the apparatus required for 
this purpose, and explain its working. (London Univ., 1921.) 
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(9) Show how to arrange two windings on the rotor of a three phase induc- 
tion motor to provide automatically large torque at starting and low rotor 
copper loss when running. How would you calculate the starting torque of 
such a motor? (C. and G., 1923.) 

(10) A 4-pole, 50 cycle, three phase, 200-volt induction motor is run on light 
load and takes 12-5 amp. per line at a power factor of 0-2. The same motor, 
when the rotor is allowed to rotate very slowly,#takes 100 amp. when a 
pressure of 120 volts between phases is applied, at a power factor of 0-25. 
Estimate the pull-out torque and maximum power factor at which the motor 
will work. (C. and G., 1918.) [Graphical.] 

(11) The speed of a 400-h.p. electrically driven fan is reducedsby (a) a 
shunt motor with field control, (b) an induction motor with rotor resistance 
control. Compare the economy obtainable per hour in the two cases when 
the speed is reduced 15 percent. Assume that the torque of the fan varies 
as the square of the speed and the cost of energy is ld. per B.O.T. unit. 
Ignore losses in the motors. (C. and G., 1921.) 


Ans.—There is a saving of 2s. 8d. per hour by using a shunt motor. 


(12) Show how the losses in a three phase slip ring induction motor can 
be analsyed from no load and short-circuit tests taken when the power is 
supplied (a) to the stator and (6) to the rotor. (C. and G., 1922.) 

(13) How can the speed of an induction motor be varied by altering the 
number of phases? Give any two methods of varying the speed of an 
induction motor by supplying the slip energy to machines possessing 
commutators. (C. and G., 1922.) 

(14) An induction motor whose windings can be arranged for 12 or 24 poles 
can be run in cascade with a direct coupled induction motor which can be 
arranged for 2 or 4 poles. With such an arrangement the cascade control 
is never used for the 24-pole speed. Whyisthis? Calculate the approximate 
speeds which can be obtained from the set, the supply frequency being 50. 


Ans.—500, 250, 428, 375 r.p.m. 


(15) A 4-pole, 35-h.p., 50-cycle induction motor has a full load slip of 
2 per cent, and a pull-out torque equal to 24 times the normal full load 
torque. Draw to scale the torque/speed curve for all speeds between zero 
and full speed. 

(16) Draw the circle diagram for a 6-pole, star-connected, three phase 
induction motor having the given data, and find the full load power factor, 
stator current, and slip. Rated output 40 b.h.p., at 380 volts, 50 cycles. 
No load current 16 amps. Power absorbed at no load 1,550 watts. Short- 
circuit (stand-still) current 310 amps at a power factor of 0:23. Resistance 
from terminal to terminal of stator winding (hot) 0-156 ohm. 


Ans.—0-91, 60 amps., 6 per cent. 
(17) From the circle diagram of the motor in question 16, plot the following 


characteristics against torque: Speed, power factor, efficiency, output, and 
stator current. 


CHAPTER XXI 
CONVERTING MACHINERY 


1. Methods of Conversion. At the present time over 90 per cent 
of the total electrical energy generated is produced in A. C. sta- 
tions. A large proportion of this is utilized as direct current 
energy, and it is therefore necessary to convert from alternating 
to direct current. The most important methods of effecting this 
conversion are— 


(a) Motor-generator sets. The motors are three phase alter- 
nating current motors, either synchronous or asynchronous; and 
the generators are direct current, shunt, or compound. 

(6) Rotary convertors. 

(c) Motor convertors. 

(d) Mercury arc rectifiers. 

(e) Valve, and other rectifiers. 


2. The Rotary Convertor. This is essentially a direct current 
machine having a direct current armature of ordinary design, from 
which tappings are taken to slip rings as well as the ordinary con- 
nections to the commutator. The field system is identical with 
that of an ordinary direct current machine; it may be shunt or 
compound excited, and is usually fitted with interpoles. In all 
heteropolar machines, that is, machines with alternate NV. and 8S. 
poles, whether for direct or alternating current, the E.M.F.s induced 
in individual armature conductors are alternating. The voltage 
across pairs of slip rings will thus be alternating, while the voltage 
across the brushes at the commutator will be direct. The follow- 
ing are the rules for taking off the tappings to the slip rings. If the 
armature is wave-wound, it has only two electrical circuits through 
it, whatever the number of poles. Hence, there will be only one 
tapping taken to each slip ring. For single phase there will be 
two slip rings, and there will be one-half the total number of 
armature conductors in each path from one tapping point to 
another. For three phase, there will be three slip rings and three 
tappings, the armature being divided into three equal parts. And 
so on. 

If the armature is lap-wound, it has as many paths through it 
from brush to brush as there are poles. Hence, for any given 
potential relative to that of either of the brushes, there will be as 
many points in the winding having that potential, as there are 
pairs of poles. The number of tappings taken to each slip ring is 
thus equal to the number of pairs of poles. The total number of 
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tappings is equal to the product of the number of slip rings and 
the number of pairs of poles. The arrangement of these tappings 
is shown in Fig. 314. The numbers of conductors in each path 
between two consecutive tappings must be equal. Hence, the wind- 
ing must be such that it can be divided into the requisite number 
of identical paths. The existence of this condition shows that any 
direct current winding is not necessarily suitable for use on a 
rotary converter armature.* 
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Fia@. 314 
ARRANGEMENT OF TAPPINGS ON RoTARY CONVERTOR ARMATURE \ 


3. Voltage and Current Ratios. Fig. 315 represents an armature 
rotating in a two-pole field. The voltage at the direct current side, 
namely, the voltage across the brushes AB, is obviously the same 
as the maximum value of the single phase voltage, since in a single 
phase rotary the tappings are diametrically opposite. 


*. Max. A.C. volts = D.C. volts = H, say 
* Effective A.C. volts = E/V2 


Consider now a “mm” phase convertor. Two consecutive tap- 


pings such as C and D will be an angular distance of 277/m radians 
apart. If the direct current voltage is represented by 2r, the 
diameter AB of the circle, then the maximum value of. the 


* The Transverter. This is a modification of the rotary convertor, and con- 
sists of a group of phase- -multiplying transformers, and a synchronously driven 
brush system, the units of which pass over fixed eommutator segments. 
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alternating-current voltage between the points C and D will be 
represented by the length of the chord CD. 


Peet Ls 
aod bi PT 
max m 


pee tht 
= # sin— 
™ 


Lg LB 
sin — 

; m 

< EL est = E x /2 

Hence, when there are m tap- 
ping points the voltage between 
adjacent points, and therefore 
between adjacent slip rings, bears 


Fie. 315 the following definite ratio to the 
CaLCULATION or VOLTAGE direct current voltage. 
Ratios 
ogy: 


A.C. volts ie 45 m 
D.C. volts /2 


The numerical values of this ratio are given in the following table— 


D.C.| 1 phase. 2 phase. 3 phase. | 4 phase. 6 phase. | 12 phase. 


0-707 0-707 0-612 0-5 0-354 0-183 


The value of m taken in calculating the above ratios is only equal 
to the number of tappings when the voltage between adjacent 
tappings is required. *Thus for single phase there are two tappings 
and m = 2. For two phase there are four tappings, but since each 
pair of diametrically opposite tappings can be regarded as being 
the terminals of a separate single phase, m = 2 in this case also. 
In the four phase convertor, there are four equidistant tappings as 
in the two phase, but the phase voltage is now taken as the voltage 
between consecutive tappings, so that m = 4. 

We have now to calculate the current ratios. If H = D.C. volts 
and J = D.C. line current, then 


Power on D.C. side = EI 
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Let H,= phase voltage and I,—= phase current, i.e. the alter- 
nating current flowing through the armature between two tapping 
points. Then if the power factor is cos g, 


Power on A.C. side = mH,I, cos p 


Now the A.C. line current I, is the vector difference of the phase 
currents in two consecutive phases. Hence, from the vector 
diagram in Fig. 316, we have 


= QJ mh 
> sin = 
I 
= - = U 
2 sin 2 
m 
ae Fig. 316 
Also H, = Ex —™ - 
a? /2 CALOULATION or CURRENT 
Ratios 
EB sin™ " 
.. Power on A.C. side = m X aa" Xx 1 _ X cos 
2 sin @ 
m 
ie . EI, cos » 


Assuming 100 per cent efficiency and equating the expressions 
for the power on the D.C. and A.C. sides, we have 


eid i) 4 cos py = HI 
24/2 


Tyee 
Tivccm 


For unity power factor, sec g = 1 and the current ratios are— 


. BC — 


D.C. | 1 phase. | 2 phase. | 3 phase. | 4 phase. | 6 phase. | 12 phase. 


— | | 
—_———— | ——— | 


1 1-414 +707 943 -707 472 +236 


14—(T.5432) 
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4. Wave Form of the Armature Current. Suppose that a rotary 
convertor is converting from alternating to direct current, Then 
relative to the alternating side it is motoring, while relative to the 
direct current side it is generating The total current in the 
armature is thus the difference between the alternating and the 
direct currents Consider first of all a single phase convertor ; 
let A and B be the tapping points (Fig. 315), For a point F mid- 
way between the tapping points, 
the alternating voltage has its 
crest value the instant F' is opposite 
a pole centre ; and if the current is 
in phase with the voltage, the current 
will go through its crest value at the 
same instant. The direct current is 
constant in magnitude and flows in 
one direction through the conductor 
at F while F is under the influence 
of the S. pole, and in the reverse 
direction while F is under the N. 
pole It reverses each time the 
conductor passes under a_ brush. 
Hence, the direct current in one 
conductor can be regarded as an 
alternating-current of rectangular 
wave form, which reverses each 
time the conductor passes under a 
A brush For the point F, mid-way 
a ane ty Resuttant Current between A and B, the alternating 


Fia. 317 and rectangular waves are in phase, 
Wave Form or Resutranr 80 long as the power factor is unity 
ARMATURE CURRENT and the resulting wave form is as 


shown in Fig. 317 (Z). 

For a point G displaced any angle a from F, the alternating- 
current wave has the same form and is in phase with that through 
F, but @ reaches a brush a degrees before F' does, so that the 
rectangular wave for G reverses a degrees in front of the rect- 
angular wave for F, thus modifying the resulting wave form as 
shown by curve IT 

For a conductor at the tapping point the alternating and 
rectangular waves are 90° apart, the resulting wave form being as 
in curve III 

An examination of these curves shows that the effective value 
of the resultant current, and therefore, the armature I?R loss, is 
the greatest at the tapping points and least at the mid points. 
Since the effective value increases as the phase angle between the 
sinusoidal and rectangular waves increases, we see that the greater 
the number of phases, the smaller will be the heating effect, 
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because, as the number of phases increases, the maximum possible 
phase difference between the two waves decreases, 

The variation in the heating effect is best illustrated by curves 
of current squared, plotted against time for different values of the 
angle a. We will consider for simplicity a single-phase convertor, 
although the method can be extended to a machine with any number 
of phases. We require the relationship between J and J p (not Z,;) in 
order to draw the curves of resultant current. We have 


mE pI, cos p = HI 
aa ante! 5 


et i way 


For a single-phase machine 5 =1-414 and m = 2, hence, considering 
D 

first of all a power factor of unity on the A.C. side, we have 
Iw=4x1414xI 


=I/Vv2 - 
The direct current per conductor 
f= 7/2 
I, = V21,, and 
L'y-max = 21, 


The current curves are drawn to scale in Fig. 318, the cases being 
A for a conductor half-way between tapping points, B for a con- 
ductor displaced 45 electrical degrees from A, and C for a conductor 
at a tapping point. In the lower half of the figure the curves of 
current squared are plotted to the same scale, and it is at once 
apparent how much greater is the heating at a tapping point than 
at the mid-point. 

Now suppose that the power factor is less than unity, say 0-8, 
then for the same value of Ig, Iy.maz is increased in the ratio of 
sec @ to unity 


The angle is 37 degrees, very approximately, and as a result the 
maximum displacement between the direct- and alternating-current 
waves, which occurs at one of the tapping points can be (90 -++ 37) 
= 127 degrees. The corresponding curves for this case are drawn 
in Fig. 319, from which it is evident that the decrease in power factor 
produces a greater heating at one of the tapping points. It is true 
that the displacement at the other tapping point is now (90 — 37) 
= 53 degrees instead of 90 degrees, but this is offset by the fact that 
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I, is increased, so that on the whole the effect of a decrease in power 
factor is to produce a considerable increase in the heating. 

A mathematical expression for the total J?R loss in the 
armature is derived as follows— 

We have seen that the alternating phase current 


Pe onba'™ sea paw 
m m 


Liisa = Saat 7 sec gx 
m m 


Considering the two-pole armature of Fig 315, the direct current 
flowing through any conductor G@ iss , and the alternating current, 
being (a-q) from its maximum value, is given by 

t= (Ip)maz C08 (4- 7) 


Hence, total current in any conductor 


¥ 4 7 
= — ] -— ae; ‘) es 
5 a nuen = Sot Se (a ot 


To find the total copper loss it is necessary to calculate the 
R.M.S. value of the above expression for one particular conductor 
as the armature makes half a revolution, The conductor at F 
passes from one brush to the other in half a revolution, and if 
angles are reckoned from the mid-position F, the alternating 


E.M.F. will go through one half cycle between the limits — 5 and 
+5. But we must consider any conductor. Let its distance 


from F be f. The limits for this conductor are obviously 


-(z : p) and (z s p). 


Hence, the mean of the squares of the instantaneous values of the 
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current, i.e. the square of the R.M.S. current in the particular 
conductor considered is 


zB 
fh [341 -S cosee 2 see 9 cos a-o)] . da 
T 2 m m 
wT 
-(E +8) 
=! at 2 = cosee = see @ cos (B+ p) + , coseo? = seo? of 


We have now to find the mean of this for the whole armature. 
This is obviously the same as the mean for one armature path 
between two consecutive tappings. Now two such — are 
oo <7 apart, and therefore, the limits of integration are - 2 and + 2 
m m m 


The expression for the square of the R.M.S. value can be written 


; fl-A cos (8 + ») + Bt 


+ in 
. Mean value = 7 (1 + B)- yp cos (8 + g)dB 


2 2 
<5 (1+ B)-54 x2 sin = cos g 


Finally substituting the values of A and B, we have mean value 
of the square of the current for the whole armature 


ae oa aa 27 soo? 
ay" y-# 5 + c0see einer of 


Hence, total J? loss in the armature 


nu x «A - 18 4 3 cosect 7 = set | 
4 a, wan m 


since we are considering a two-circuit winding, R being the resist- 


ance of each circuit. If the armature were carrying a direct cur- 
rent only, its external value being J, as before, the J*R loss 


would be 
77\2 
Ds Sa & R 
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Hence 


I?R loss when acting as a rotary Baap? 16 an 8 ee uae 
I?R loss as a plain D.C. machine 7 om vihawae 


This shows that as the number of phases is increased, the J?R loss 
decreases, and is always less than the loss in a plain D.C. machine, 
except in the case of a single phase rotary. For a unity power 
factor load, for which sec y = 1, the square roots of the above 
ratio are 


_ | | | | Ee 


If the output of the rotary armature were limited only by the 
armature copper loss, then the ratios of the maximum outputs 
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possible, to the output when working as an ordinary D.C. machine 
would be the reciprocals of the ratios in the above table, namely 
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This table shows how, in the case of all but a single phase con- 
vertor, the output from a given armature increases as the number 
of phases increases. In practice it is usual to work rotary con- 
verters six phase, since twelve phase working involves too much 
complication. wre ; 

The heating effects in the armature, at different positions with 
respect to the tapping points, and also in terms of the number of 
phases, are illustrated graphically in Fig. 320. 


Supoly The above compar- 


isons are based on the 
assumption that the 
power factor on the al- 
Primary  ternating-current side 
3 


is unity. If it is not 
unity, then since the 
Secondaries expression for the heat- 
ing effect contains a 
term sec? g, we see 
that as qg increases, 
the heating effect very 
considerably increases, 
the rotary convertor 
being no longer so very 
superior to the plain 
direct current machine 
from the point of view 

of armature heating. 
Fig. 321 5. Armature Re- 
DovusitE Detta CoNNECTION action in Polyphase 
Convertors. From the 
consideration of armature reaction in direct-current generators, we 
have seen that the M.M.F. due to the direct current is directed along 
the brush axis, and is therefore fixed in space. On the other hand, 
the armature is rotating at synchronous speed, so that we can also 
regard the armature M.M.I. due to the direct component of the 
current as rotating at synchronous speed relative to the armature 
itself. Its direction is at right angles to the main field. The alter- 
nating component of the armature current also sets up an armature 
reaction which also rotates at synchronous speed with respect to 
the armature, and in consequence these two components of the 
armature reaction have no relative velocity. Also, the M.M.F. due 
to the alternating component acts at right angles to the main field, 
but in a direction opposite to that due to the direct component, 
these two thus tending to cancel one another out. Actually they do 
not quite neutralize one another, the direct M.M.F. being slightly 
the greater, but the difference is so small that to all intents and 
purposes the rotary convertor can be regarded as having negligible 
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armature reaction. As a result of this there is no distortion of the 
field form, and the machine can therefore withstand very heavy 
overloads without serious sparking at the commutator. In fact, 
when totary convertors are required for traction purposes, one of 
the standard works tests is actually to short-circuit the machine 
momentarily. 

6. Methods of Obtaining Six-phase Current. Since there is 
a fixed voltage ratio between the D.C. and A.C. sides, it will be 
seen that to give a definite voltage at the commutator, a definite 
voltage must beapplied 
to the slip rings, and Supply 


this is almost sure to (i wad aes 

be different from the — | | 

supply voltage. Trans- : 
formers have therefore ge ew 
to be interposed be- 7, 

tween the alternating- 
current supply and the 
slip rings, the necessary 
six phase current being 
obtained by suitable 
arrangements of the 
secondary windings. 

(a) DousiE Devra. 
Each phase of the 
secondary has _ two 
separate windings, 
which are arranged to 
form two independent 
mesh connected sec- Fig, 322 
ondaries, as shown in Dovusie Star CONNECTION 
Fig. 321. By taking 
connections from points 1, 2, 3 on the first, and 1’, 2’, 3’ on the 
second, one of the two voltage triangles is reversed, relative to the 
other. Again, both windings are connected to a symmetrical 
armature, and this fixes the relative positions of the two voltage 
triangles, so that the lengths of the six vectors obtained by joining 
their corners are equal to one another. These vectors are the 
voltages applied to pairs of slip rings, and since there is a phase 
difference of 60° between two consecutive vectors, we see that a 
true six phase supply is obtained. 

(6) Douste Star. As before, there are two separate secondaries, 
but in this case they are star-connected (Fig. 322). The first 
secondary gives the ordinary three-phase voltage star 1, 2, 3, while 
the second gives the reversed star 1’, 2’, 3’, since the connections 
from it are at the opposite ends of the windings to the connections, 
from the first. Also, the two star points must coincide because of 


Secondaries 
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the symmetry of the armature winding, and therefore, as before, 
the sides of the hexagon give the voltages of the six-phase supply. 
(c) DiameTRAL. In the double star method, the two star 
points have the same potential and they could therefore be joined 
together if desired. If this were done, then each phase of the 
transformer secondary would have one winding only, the six ends 
being taken to the slip rings, and the middle points, connected 
together. But the potential of the middle point is fixed by the 
armature of the convertor, and therefore, the star point need not 
be made, thus leaving the 
three separate phases of 
the secondary winding 
connected to the slip 
rings, as in Fig. 323. In 
this case the voltage in- 
duced in each phase of 
the secondary is given 
by the diameter of the 
circle, whereas in the 
double star method it 
is given by the radius. 
This method is the most 
commonly used, because 
it is the simplest. If the 
rotary convertor is sup- 
Fic. 323 plyingathree-wire system 
Pa lucaenna Cosme on the D.C. side, then the 
star point is formed, and 
the middle wire connected to it. This fixes its potential midway 
between the potentials of the positive and negative outers, and 
no extra balancing plant is required. 


Example. A star-connected three-phase alternator, giving 1,500 volts per 
phase, supplies six-phase current by means of three mesh connected trans- 
formers, each provided with two equal secondaries. The current is passed 
into a rotary convertor supplying direct current at 550 volts. Calculate the 
change ratio of the transformers and the current supplied by each of the 
secondaries, if 200kW are taken from the convertor. Neglect magnetic 
leakage and loss in transformation. Show by diagrams how the six contact 
tings of the convertor are connected to the secondaries. (London Univ., 1903.) 


The diagram of connections is given in Fig. 321. If #,= R.MS. 
voltage between adjacent slip rings, and J,= current supplied to 
each slip ring, then 


E 
=. sin@ - =n 30.2: 104d anita 


7 — 200,000 
550 


Hg 


= 364 amp. 
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i. I, = 2¥2 x ber x 364 = 171-4 amp. 


The voltage induced in each secondary winding is given by the 
length of the side of an equilateral triangle drawn in the six-phase 
voltage hexagon. Each side of the hexagon represents a voltage of 
194-4, Hence, voltage in each secondary 


= V3 x 194-4 = 337 volts 
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CoNNEOTIONS FOR THREE-PHASE CONVERTOR TO BE STARTED 
From D.C. Sipz. 


., Transformation ratio of the transformer 
337 


= = = +1295 
RVs x 1500 
.. No. of turns on each secondary = 1295 x turns on each 
primary. a 
7. Methods of Starting Rotary Convertors. In the great majority 


of cases, rotary convertors are supplied with alternating current, 
and deliver direct current. It is therefore unlikely that there will 
be any direct current supply for starting, unless it is specially 
provided, so that the convertors in most cases are started up from 
the alternating-current side. If direct current is available, the 
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procedure is as follows: The direct current switch (Fig. 324) is 
closed, and the oil switch on the alternating-current side, left open. 
The rotary is then run up to speed like an ordinary shunt motor 
by means of the starting resistance. The shunt regulator is 
adjusted until synchronism is obtained, and the oil switch, then 
closed. No voltage adjustment is necessary, as when synchronizing 
alternators, because the voltage ratio between the direct and 
alternating-current sides is fixed. . 

If the load on the direct current side is rapidly fluctuating while 
synchronizing, it may be very difficult to decide the correct 
moment of synchronism, because of the variations in speed pro- 
duced by the variations in voltage. In such a case it is better to 
run the rotary up to a speed well above synchronism, open the 
D.C. switch, and thus allow the machine to slow down. As soon 
as synchronous speed is reached, as indicated by the synchroscope, 
close the oil switch. Alternating current will then flow through 
the armature and keep it running at synchronous speed. There is 
no danger of a heavy rush of current on closing the oil switch, 
because no power is being drawn from the direct current supply. 
At the worst, the armature will be violently pulled into step if the 
switch is not closed quite at the right moment. Finally the D.C. 
switch is closed. 

There are three common methods of starting up from the 
alternating-current side— 

(a) By Tarps on THE Marin TRANSFORMER. This is a very 
commonly used method, the arrangement of the control gear being 
as indicated in Fig. 325. It will be noticed that no synchronizing 
gear is required, but a moving coil zero-centre voltmeter V is 
connected across the brushes on the D.C. side, and the field wind- 
ing is split up into a number of sections by means of a “ field 
break-up switch.’’ On the A.C. side, either auto-transformers are 
interposed between the slip rings and the main transformer, or the 
secondaries of the main transformer are used as auto-transformers, 
this second arrangement being shown in the figure. When starting, 
the D.C. switch and the field break-up switch are opened, and the 
brushes lifted off the commutator. The A.C. switch is closed, the 
auto-transformer being arranged so that the smallest voltage is 
applied to the brushes. An alternating current flows through the 
armature and produces a rotating magnetic field, the lines of force 
of which sweep past the dampers on the pole faces, thereby inducing 
currents in them. Hence, the armature starts up like an inverted 
squirrel-cage induction motor. Now the rotating field produced 
by the armature rotates at synchronous speed relative to 
the armature, and therefore, as the speed of the armature 
increases, the actual speed, in space, of the rotating field becomes 
smaller and smaller, until eventually its poles move so slowly past 
the salient poles of the field system, that they magnetize the latter. 
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The two systems of poles then grip each other, the rotating field 
therefore becoming stationary in space. This means that the 
armature must now be running at synchronous speed, the rotary 
having what is called “jumped into step.” It is obvious that it 
is possible for the polarity of the D.C. side to come up in the wrong 
direction, because this polarity depends upon the ultimate polarity 
of the main poles, and therefore, on the relative positions of the 
main poles and the rotating field at the instant the convertor 
jumps into step. If the polarity on the D.C. side is wrong it will 


D.C. Bars 3-Phase Supply 


Equaliser 
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Switch 


Field Break 
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SrartiIna By Taps ON THE MAIn TRANSFORMER 


be indicated by the zero-centre voltmeter V being deflected in the 
wrong direction. It can be corrected by what is called “ slipping 
a pole.” The field switch is momentarily reversed, thus causing 
the armature field to be repelled by the main field, and as a result 
each pole of the armature field moves on towards the next main 
pole. This is indicated by the needle of the zero-centre voltmeter 
swinging over to the right side, the field break-up switch being 
then closed in the right position. Finally the convertor 1s con- 
nected to the D.C. system by closing the D.C. switch. 
The field is split up into sections by the field break-up switch, 
because, at the moment of starting, the actual velocity in space 
of the armature field is the synchronous speed, and consequently, 
owing to the very large number of field turns, a very high voltage 
would be induced in the field winding. When the armature 1s 
running at synchronous speed, the armature field is stationary in 
space, and consequently no voltage is induced in the field wind- 
ing, the sections of which can therefore be all connected in series. 
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For the same reason, the brush gear on the D.C. side is lifted at 
starting, otherwise heavy currents would circulate across the 
brush faces and cause excessive sparking. 

The full A.C. voltage is not applied to the slip rings at starting, 
because of the very heavy rush of current which would be pro- 
duced on the A.C. side. Also, this current would be very nearly 
wattless, so that it would probably interfere with the voltage 
regulation of the line. : 

(b) By Srparate Startina Motor. The convertor is started 

up by means of a small direct- 

coupled squirrel-cage induction 

motor. This motor hasasmaller 

ee number of poles than the con- 

vertor, so that it is able to bring 
the convertor right-up to syn- 
chronous speed. The convertor 
is started up by this motor, 
the field circuit being closed, 
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so that the voltage is built up in the right direction exactly as 
in the case of a shunt dynamo when brought up to speed. Syn- 
chronizing is necessary before connecting the slip rings to the 
alternating-current supply, the necessary speed regulation being 
obtained by means of an adjustable resistance in one stator phase 
of the starting motor. After synchronizing, the switch controlling 
the starting motor is opened and the convertor main switch on the 
D.C. side is closed. 
At the present time it is usual to build the starting motor with 
a rotor consisting simply of a solid iron cylinder, since there is no 
possibility of trouble with such a rotor as it is only in operation a 
very short time. 
(c) SrLF-syncowRoNIzING MretTHop. This method is due to 
Rosenberg. The convertor is started up by a small starting motor 
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as in case (b), but the stator of this motor is in series with the 
convertor armature, as can be seen from Fig. 326. The main oil 
switch is first closed, the switch S across the starting motor being 
open. The shunt-field circuit is also closed, the regulator being 
set to the normal position. The starting motor M, having fewer 
poles than the convertor, brings the latter up to synchronous speed, 
and as soon as this speed is attained, the convertor jumps into step 
because its armature is also carrying the alternating current taken 
by the starting motor. There is very little possibility of reversed 
polarity, because the armature rotating field is produced by a very 
small current, and in consequence, it is not sufficiently strong to 
reverse the residual magnetism in the field. As soon as the 
convertor is in step the switch S is closed, thus short-circuiting the 
starting motor. Brush-lifting gear and field break-up switch are 
unnecessary, because the rotating field produced by the armature 
current during starting is not sufficiently strong to produce induced 
voltages of any importance. 

8. Voltage Regulation of Rotary Convertors. There are four 
methods as follows— 

(2) Hand Reauiation. The main transformer is provided 
with tappings, so that the voltage applied to the slip rings can be 
varied within limits. This is not a very satisfactory method, first, 
because it is not automatic ; second, because the voltage can only 
be varied in jumps; third, because of excessive wear and tear on 
tappings from which very heavy currents are taken. 

(6) By Inpuction Reaunator. The method of connecting a 
three phase induction regulator in the circuit is shown in Fig. 327. 
The regulator, which is very similar in construction to a three 
phase induction motor, acts like a booster, and raises or lowers 
the total voltage applied to the slip rings according to the position 
in which its rotor is placed relative to its stator. The regulator 
can be arranged for hand or automatic operation, and by means 
of it a variation of voltage on the D.C. side as high as 30 per 
cent or more can be obtained. 

(c) By Caoxina Coms: Raactance Controu. Choking coils 
are placed between the main transformer and the slip rings, as in 
Fig. 324, and the convertor is compound excited, having both 
shunt and series excitation. The voltage at the slip rings is 
obviously equal to the vector difference of the voltage H at the 
main transformer terminals, and the voltage #, across the choker 
terminals, this latter voltage leading the current by 90°. On 
normal load the current J is in phase with the supply voltage OA 
(Fig 328 (a) ), the slip ring voltage being therefore equal to OC. 
If the load increases, the convertor becomes over-excited due to 
the series excitation, and the current vector J and choker voltage 
vector OB are shifted round in a counter-clockwise direction, thus 
increasing the slip ring voltage OC, as shown in Fig. 328 (8). This 
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method is very good so long as a voltage regulation of not more 
than 15 per cent is required. . : 

(d) Syncnronovus Booster Controu. This method is often 
used where a wide range of voltage on the D.C. side is required, 
and where the fluctuations in load are very rapid as in traction 
work. The synchronous booster consists of an alternating-current 
generator, whose armature is mounted on the convertor shaft and 
is connected electrically in series with the convertor armature, as 
shown diagrammatically in Fig. 329. The booster and convertor 


AC. from Transformer 
=—_—<—=a"—«<« ->—_ rr. 


(A) 


(B) 
\ Ecreversed 
Cc D.C. from Convertar 
Fie. 328 Fie. 329 
REACTANCE CONTROL VoLTaGE REGULATION BY 


SyncHRONOUS BoosTER 


fields obviously have equal numbers of poles. If the booster field 
is supplied with series as well as separate excitation, the booster 
voltage will increase with the load, the voltage control thus being 
automatic. 

The disadvantage of booster control is that it is liable to affect 
commutation if commutating poles are used. If the commutation 
is good when the voltage is about the middle of the range, then 
when the booster raises the voltage, the commutating poles become 
magnetized by armature reaction, their effect then being too 
powerful. Conversely, when the convertor is giving the minimum 
voltage, the commutating poles are partially demagnetized and 
their effect is neutralized. This difficulty has been overcome by 
connecting diverters across the commutating poles when the 
converter is delivering large D.C. voltages. 

(e) SpLIT-POoLE CoNnvERTORS. In the split-pole convertor the 
distribution of flux density under the poles is varied; this alters 
the wave form of the voltage across the slip rings and so alters the 
transformation ratio. 


Let EK, = line voltage ; Z, = phase voltage ; H = D.C. voltage 
.. for a six-phase machine (Z Smae B ( = radius of the circle 


2 
in Fig 315). 
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This can be put in the form 


E,) (Z,) 
BE = 9 Es)mar y, sletf yx E,). 
(E's)ery (E1) oss iss 
Thus 2K,K, is the transformation ratio. 
Now for a sine wave K, = 4/2 and K, = 1/V3. As the wave 
form alters, K, remains practically constant, but K, varies very 
considerably, as shown below. 


Sine Wave. Rectangular Wave. Triangular Wave. 
ait | wna] \ 

kK, = Fl K,;= 1 K, = 1-74 

K,= Wv3 K, = 1:04/V3 K, = 1-006/V3 


Hence, we can say that the limits of K,K, are 1 to 1-74, so that by 
varying the wave form, a very large change of D.C. voltage can 
be produced. This change is effected by altering the distribution 
of flux. The pole consists of three limbs provided with main 
shunt, and auxiliary series windings as shown in Fig. 330. If the 
shunt winding produces, say, NV. polarity, and the series windings 
tend to produce polarities of the order N.,8.,N., then the D.C. 
voltage will decrease. If the series windings tend to produce 
polarities of the order S.,N.,S., then the D.C. voltage will increase. 

The objections to this method are: First, mechanical difficulties 
of construction ; second, difficulty with commutation, which limits 
its application to low frequencies. It is therefore only suitable 
for small capacity, 25-cycle machines. To simplify construction 
the split-pole convertor is often made with a two-part, instead of 
three-part, pole. 

9. Inverted Rotary Convertors. Usually, rotary convertors change 
the supply from A.C. to D.C., and if they are worked in the 
opposite sense they are styled “inverted.” With a convertor 
working normally, the speed is fixed at synchronism, because it 
is operating like a synchronous motor on the A.C. side ; and this 
also applies to an inverted convertor if it shares the load on the 
A.C. side with a synchronous generator. If it does not share 
the load in this way, there is nothing to fix the speed, and the 
speed will vary as the flux per pole varies. Thus, if the load is 
highly inductive, the lagging alternating current will produce a 
powerful demagnetizing effect, thus causing a serious increase in 
speed. To prevent this, inverted convertors are always separately 
excited from a direct-coupled exciter. The increase in excitation 
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due to a rise in speed will increase the flux per pole and so bring 
down the speed again. 

10. Parallel Operation of Rotary Convertors. We have seen that 
two shunt generators work satisfactorily in parallel, because they 
have drooping voltage characteristics. Thus, if one machine takes 
too much load, its voltage drops, thereby automatically throwing 
the excess load on to the other machine. With convertors, the 
D.C. voltage is fixed because the A.C. voltage applied to the slip 


A.C. 


ete 


| Shunt 


\ 4 
Auxiliary 
Windings -C. 
Fie. 330 Fie. 331 
Sprit Ponz CoNVERTOR RovTaRiges IN PARALLEL 


rings is fixed. Therefore, if two convertors which are working from 
the same A.C. supply are also parallel on their D.C. sides, trouble 
due to unequal distribution of the load will result. This does not 
hold if they are connected to the A.C. supply via transformers, 
because the drop in the transformers gives the necessary drooping 
voltage characteristic. Often, to save the cost of transformers, two 
rotary convertors are supplied direct from alow voltage alternator. 
In such a case, there are two methods of obtaining satisfactory 
parallel operation on the D.C. sides. 

(a) The alternator can have two separate armature windings, 
one for each convertor. 

(6) Balancing transformers can be used. The operation of 
these transformers will be understood by referring to Fig. 331, in 
which single phase convertors are represented for simplicity. A 
single core has two windings, connected in series with each con- 
vertor on its A.C. side, as shown. They are arranged so that 
they produce fluxes through the core in opposition, so that when 
the load is balanced, the core will carry zero flux. If convertor A 
carries a greater load than B, its transformer coil will produce a 
greater flux than that of B, so that the transformer will now carry 
a finite resultant flux. This flux induces in the balancing coil of 
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convertor B a current in the same direction as the ordinary load 
current, thus automatically equalizing the load. 

These balancing transformers are quite small, and therefore 
cheap, since they have to deal, not with the total intake of the 
convertors, but only with temporary differences in load. 

11. The Motor Convertor. This consists essentially of an induc- 
tion motor and a D.C. generator mechanically coupled together. 
The rotor of the induction motor is wound for cither 9 or 12 phases, 
according to the size, and tappings are taken to equidistant points 
on the D.C. armature. Three of the rotor phases are brought out 
to slip rings, as shown in Fig. 332, by means of which the set is 
started up exactly like an induction motor. When full speed is 
attained, the free ends of all the phases are short-circuited. Since 
the E.M.F.. induced in the D.C. armature is injected into the rotor 
of the induction motor, the set will run at a speed less than the 
synchronous speed of the induction motor. The connections are 
so arranged that the direction of rotation of the rotating field set 
up by the alternating currents flowing through the D.C. armature, 
is opposite to the direction of motion. Hence, the speed of the set 
is such that this rotating field is stationary in space, because its 
poles are held by the salient poles of the D.C. generator field. 


Let Q = angular speed of the set in r.p.m. 


Let w, = synchronous speed of induction motor, i.e. the speed 
of the rotating field produced by its stator. 


Let w = speed of induction motor rotor relative to this rotating 
field. 
Theno= A+o . , : : J ; : (1) 


Again let N, = no. of poles on induction motor, 
N, = no. of poles on D.C. generator 
Then, since the speed of the rotating field is inversely proportional 
to the number of poles, the speed of the rotating field of the D.C. 


armature relative to this armature is w X N,/N2. 
But this rotating field is stationary in space, 


Ny 
= —1i= 0 ° . ° . e . 2 
Q a (2) 
N, N, * 
QO = wo X —1= (@,- Q) X — from equation (1) 
2 Ny 
Ns 
a 1 Xa, 
it N, 


Thus, if N, = N,, then Q = }.,; i.e. the set runs at one-half 
synchronous speed. 
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The torque on the induction motor rotor is equal to the retarding 
torque of the D.C. armature 7’, say. Power of the rotating field of 
the induction motor 

=T X a, 


Mechanical power conveyed along the shaft from tho induction 
motor to the D.C. generator 


=o 


Hence, electrical power conveyed from the induction motor rotor 
to the D.C. armature R 
= T(w,- Q) 

=T7.Q, when V,= N, 


Thus, when V, = N,, the D.C. generator receives half of its power 
mechanically and half electrically. 

The motor convertor compares very favourably with the rotary 
convertor, as is shown by the following points. 

(a) The cascade convertor has exceptionally good commutating 
properties, because the frequency at the D.C. end is lower than the 
supply frequency. 

(5) The cascade convertor has about the same efficiency as a 
rotary convertor, and is more efficient than a motor generator set. 
For an output of 500 kW, the full-load efficiency of a cascade con- 
vertor is about 92 per cent, the overall efficiency of a motor 
generator set, 89 per cent. 

(c) No step-down transformer is required when working from a 
H.T. supply, unless this is greater than, say, 11,000 volts, because 
an induction motor stator can be wound for this voltage. This 
makes up for the greater floor space required by the two separate 
machines of the cascade set, a very important consideration in 
sub-stations. 

(d) No synchronizing is required, the cascade convertor starting 
like an ordinary induction motor. These qualities are only obtained 
in the rotary at the expense of complications, such as starting 
motor and extra switch gear. 

(e) The voltage regulation of the rotary convertor necessitates 
still further complication and expense, especially if a wide voltage 
range on a violently fluctuating load is required. The motor 
convertor can be arranged for a voltage variation as high as 40 per 
cent without additional apparatus. 

(f) The power factor is better than that of a motor generator 
set with induction motor, as good as that of a motor generator set 
with synchronous motor, and may be better than that of a rotary 
convertor if the latter has to work over a wide range of voltage. 

(g) The cascade convertor is not liable to reversal of polarity. 

12. The Mercury Arc Rectifier or Current Convertor. The operation 
of this rectifier depends upon the “ valve” action of an arc in 
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mercury vapour. The appearance of such an are operating in a 
vacuum is shown in Fig. 333. The arc begins at the anode, which 
becomes heated up, but is not vaporized. Next comes a luminous 
column which, in the mercury-vapour lamp, is utilized as the 
source of light. Next, a dark gap, and finally a white-hot cat- 
hode spot. This spot is the basis of the arc, and it travels in an 
irregular manner at high speed over 
the surface of the cathode. With 
a mercury cathode a deep crater is 
formed under this spot, and also, a 
pale negative flame rises from the 
Anode cathode. In the rectifier this flame 
is an undesirable element. The 
mercury are will only allow current 
UIMUTIOUS to pass in one direction ; hence, the 
Column valve action which is the funda- 
mental principle of the rectifier. The 
theory of the arc is as follows: In 
| Wegative gases, electricity travels in elemen- 
Flame tary charges called ions. The positive 
Cathode Spot ions are bound to the chemical 
atom, or to matter, but the negative 
ions are chemically free. They are 
Cathode called electrons. Cormier a Bis) 
on the cathode brought to a white 
wanes heat. At this temperature free 
Picn Matsoces no electrons are liberated, and since 
there is a potential gradient main- 
tained between the anode and cathode, they travel at a high speed 
towards the anode. They have frequent collisions with neutral 
mercury vapour molecules, and split up the bound charges of the 
latter, this process being called “ionization by shock.” This results 
in the freeing of new positive ions and negative electrons, and also 
in raising the conductivity of the vapour path. The positive ions 
already present, and those newly created, move rapidly towards 
the cathode, the upper surface of which is brought to a white 
heat as a result of the continuous bombardment. The negative 
electrons also bombard the anode, but being unassociated with 
chemical atoms, they have no weighable mass and therefore do 
not raise the temperature of the anode very much. 

It will be seen that the arc will only form if some free electrons 
are present at first, and for this reason the arc has to be “‘ ignited,” 
like an ordinary arc between carbons, by bringing an ignition 
anode into contact with the mercury cathode and then withdrawing 
it. 

There are certain losses in the arc, and they depend upon the 
pressure drop in it. This drop is made up of three separate drops, 
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that due to the anode, in the arc itself, and at the cathode. 
The drops at both electrodes are constant, being independent of 
the current density or the degree of vacuum. The drop at the 
iron anode is about 6-5 volts, and at the mercury cathode, about 5-5 
volts, giving a total for the electrodes of 12 volts. The drop in the 
arc itself depends upon the degree of vacuum, to which it is directly 
proportional ; and on the current density, to which it is inversely 
proportional. In large rectifiers it is about 0-1 volt per cm. Thus, 


Load 


urrent Z F Bs 
c Half-Wave Rectifier Full-Wave Rectifier 
Fig. 334. Hanr-wavEzE AND FULL-WAVE SINGLE-PHASE 
RECTIFIERS 


in an arc 80 cm. long, the drop in the arc itself is 8 volts, the 
total drop being therefore 20 volts. We thus see that since an 
increasing pressure does not increase the losses, it is preferable to 
work at as high a pressure as possible. Thus, at 1,500 volts the 
efficiency is 98-5 per cent. 

The cathode drop is the result of the expenditure of energy in 
liberating electrons from the cathode and in evaporating mercury. 
The drop in the arc is the result of the energy expended in the 
ionization of the arc path, while the drop at the anode is the result 
of the energy expended in overcoming the electrostatic field in the 
vicinity of the anode. 

The rectifier can be operated with any desired number of phases, 
and Fig. 334 shows two methods of operation with single-phase 
supply. In the first figure there is only one anode, and, consequently, 
as current can only flow through the rectifier from anode to cathode, 
it follows that the external load will only carry current during those 
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half cycles which correspond to this direction of current flow. In 
other words, only alternate half waves are utilized, the rectifier 
therefore being called a “half-wave” rectifier. ‘ 

In the second figure the load is taken to a centre tapping on the 
transformer secondary, with the result that each half wave is 
utilized, the current stream being from anode A, to cathode K 
when A, is negative with respect to the centre tapping, and from 
A, to K when A, is negative with respect to this tapping. In other 


Fig. 335. THren-pHase RECTIFIER 


words, the arc switches over from one anode to the other at the end 
of each half cycle. In this way both half waves are utilized and the 
rectifier becomes a “‘full-wave” rectifier. 

In the three-phase rectifier there are three anodes, Fig. 335, and 
since none of the phases has a centre tapping, the rectifier can be 
regarded as three half-wave rectifiers combined, the three compo- 
nents of the total load current having the usual three-phase mutual 
displacement of 27/3 radians. Now the arc will only pass between 
an anode and the cathode when that particular anode is at a higher 
potential than the others: as soon as the next anode in the sequence 
attains a potential higher than the first, the arc is immediately 
transferred to this second anode. Now on examining the waves of 
secondary voltage, we see that intersections occur at intervals of 
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22/3 radians, and this shows that each anode only carries current 
for 22/3, or one-third of a cycle, and not for one-half cycle as in the 
case of the single-phase rectifier. 

If the anodes are arranged in a circle round the cathode, as is 
usual, then the rectifier can be regarded as a rotating switch which 
makes one complete revolution in each cycle and which maintains 
contact with each anode for one-third of a cycle per revolution. 
This is, in fact, the best way in which to regard the polyphase 


Fig. 336. Srx-pHAse RECTIFIER 


rectifier, and it is important to note that the rectifier is not in any 
way the seat of the energy supplied to the load. This energy 
comes from the transformer secondary, and therefore originally 
from the A.C. supply. On comparing the curve of load current with 
either of those obtained from a single-phase rectifier, we see that 
an increase in the number of phases very appreciably diminishes 
the percentage variation, 

Still further improvement is effected by a six-phase rectifier, as 
shown in Fig. 336. The supply to this rectifier is given as double 
star, which means that each phase is, in effect, centre tapped, and, 
as a result, we can regard the six-phase rectifier, supplied in this 
manner, as a combination of three full-wave rectifiers. To obtain 
the curve of load current, we therefore draw the waves for the three 
phases each with the negative half reversed. This gives intersections 
22/6 apart, showing that the period of commutation, i.e. the time 
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during which the arc remains at any one anode, is now only one- 
sixth of the periodic time. 
Now if the current ceases for an interval of time as short as 
1 x 10° sec., it is sufficient to cool the cathode spot and thus stop 
the emission of electrons. Means must therefore be provided to 
prevent this occurring, the usual method being to have a separate 
exciting ”’ anode worked from a separate external source. Thus, 
besides the main anodes, there are two auxiliary anodes, the igni- 
tion anode and the excitation anode. Cooling of the cathode spot 
can also be prevented by placing a choker in the D.C. circuit. This 
has the effect of prolonging the half waves of current, with the 
result that the alternate half waves overlap, and the resulting 
direct current never falls to zero. This is shown in Fig. 337 for a 
single-phase full-wave rectifier. 
Even without this choker the transfer of the electron stream from 
one anode to the next can not be instantaneous because the current 
changes associated with the 
combined with the 


transfer, 
appreciable inductance of the 
circuits, result in an inductive 
drop which opposes the change. 
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In addition, the ionized mercury 
vapour has a tendency to remain 
in the neighbourhood of an 
anode for an interval of time 
which, although very small, is 
comparable with the period of 
commutation. This effect sets an upper limit to the frequency at 
which this type of rectifier can be operated, this limit lying between 
2,000 and 5,000 cycles per second. 

The reasons for the choice of mercury for the cathode are as 
follows: during operation, the cathode is violently bombarded by 
massive positive ions with the result that, if solid, there is rapid 
deterioration. With a mercury pool as cathode there can be no 
such damage, and, when cool, all the condensed mercury vapour 
from the enclosure drains back into the pool. In addition, once the 
arc is started, the hot spot from which the electron stream is 
emitted is maintained at the temperature necessary for electron 
emission through the bombardment by the positive ions. Another 
important advantage of mercury is that, at a given operating 
temperature, a smaller voltage is required to release the electrons 
than for any other metal. 

Large polyphase rectifiers are always worked with six or more 
phases, because this gives a smaller variation in the direct current 
than a three phase rectifier. The secondaries of the main transformer 
are arranged for diametral connection as with rotary convertors, and 
the middle point is connected to the negative pole on the D.C. 
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side. The connections of such a rectifier, including those to the 
ignition anodes, are shown in Fig. 338.* The ignition anode hangs 
down at the end of a steel wire about 10 mm. above the surface 
of the mercury cathode, but held up by a spring. It is pulled 
down by a solenoid actuated from an auxiliary D.C. supply when 
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the push-button switch 7’ is closed. It is then released, thus 
striking the arc and starting the rectifier. 

In the polyphase rectifier, two excitation anodes are provided, 
these being operated by a small single-phase transformer in a 
manner similar to a single phase rectifier. 


* Very complete information regarding systems of connection, as well as 
the general theory and mode of operation, is given in Mercury Arc Current 
Convertors, by H. Rissik. Mercury Arcs, by Teago and Gill, is also an admir- 
able little book. 
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If a number of rectifiers have to work in parallel, it is desirable 
that they should have a drooping voltage characteristic. ‘The drop 
in the rectifier is practically fixed, as we have seen, but the neces- 
sary droop in the characteristic can be obtained by connecting 
choking coils in the leads to the anodes. 

The small rectifiers of up to about 500 kW capacity, as invented by 
Cooper-Hewitt, are made of glass; but for large power rectifiers this 
is obviously impracticable, a steel receptacle being used. Since 
the inlet glands for the electrodes are of large size, considerable 
difficulties were encountered in trying to make these tight, since 
the vacuum must be maintained at about 0-01 mm. of mercury. 
The final arrangement is a combination of asbestos packing with 
mercury sealing. In order to maintain the vacuum, the rectifier 
is supplied with a direct-coupled motor-driven air pump. A 
second constructional difficulty was that of cooling the anodes. 
If the anodes reach too high a temperature due, say, to continuous 
overloading, they will send off electrons just as the cathode does. 
As a result, the current will flow in both directions, thus destroying 
the valve action and constituting a short circuit. This is avoided 
by water-cooling the anodes. The greatest difficulty has been the 
elimination of the possibility of short circuits, the main causes of 
which are— 

(a) Insufficient vacuum. This is looked after by the air pump. 

(6) Continuous overloading; eliminated by water-cooling the 
anodes. 

(c) Occluded gases in the anodes due to impure iron ; eliminated 
by the use of chemically pure electrolytic iron for the anodes. 

(d) Condensed mercury collecting on the anode surface. The 
cover is provided with a tall steel cylinder, and all the anodes, 
with the exception of the ignition anode, are arranged outside this. 

(e) Effects of ultra-violet light from the luminous column of 
the arc. 

(f) Contact between the anodes and the negative flame. The 
anodes are shielded from effects (e) and (f) by surrounding them 
by steel cylinders, the mouths of which are closed by a number of 
inclined steel slats. 

Internal short-circuiting can be caused by back-firing or cross- 
firing which is the result of a failure of the rectifying action. From 
what has been said, it will be clear that this action can only take 
place if the arc continues to rotate round the ring of anodes, and to 
remain with each anode only for the correct length of time. If any 
of the anodes become overheated they may emit electrons them- 
selves and thus try to act as cathodes. Irregular firing commonly 
takes place when starting up from cold, and this is due to small 
. globules of mercury which have condensed on the anodes. These 
- are converted to vapour when the anodes are warmed up so that 
the trouble is only temporary. The anodes are usually of iron, or 
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sometimes carbon, since neither substance is wetted by mercury, 
and, in addition, the number of electrons emitted, even when they 
are raised to high temperatures, is very small in comparison with 
the number emitted by mercury. 

Back-firing and cross-firing are hindered by shielding the anodes 
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Fia. 339. 2,500-A Grip-cONTROLLED STEEL-TANK REOTIFIER 
English Electric Co., Ltd. 


from one another, and from the cathode. With the glass bulb type 
this shielding is effected by housing the anodes at the ends of long 
extensions to the bulb, which are given one, or sometimes two 
right-angle bends. With the steel container type the anodes and 
the mercury pool are fitted with insulating shields. 

The construction of a modern rectifier of large capacity is clearly 
indicated by the drawing of Fig. 339. 

The efficiency of the rectifier is about 95 per cent, the maximum 
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value being at three-quarter load, and only falling off appreciably 

below one-quarter load. It is thus superior to any running machinery, 

even the rotary convertor. The fact that it is a static piece of 

apparatus very considerably lessens running costs and attendance 

charges. Also, it is started very easily, since it is only necessary 

to close momentarily the ignition circuit. With new rectifiers, 

it is usual to load up for the first 

time on an auxiliary load of 50 to 

100 amp. in order to drive out all 

gases; also, when starting up after 

a shut-down, this precaution is 

observed for the first few months. 

If a rectifier has been stopped for 

some time, the anodes are brought 

ns m into circuit separately, so as to 

Pas See pak warm them up, this precaution being 

Tae nden Toclivsencion due to the fact that the arc may 

lovastatin Fe Aare otherwise start unevenly at the 

anodes and cause short-circuiting, as 

explained previously. Thus, with new rectifiers starting takes from 

5 to 10 min.; but after a month or so when the above precautions 

are no longer necessary, it takes but a fraction of a second, since the 
ignition push-button is closed and almost immediately released. 

13. Voltage and Current Relationships. Let #, = R.M.S. secon- 


fea voltage per phase. Then, with the origin at o, Fig. 340, we 
ave 


€ = E. nay C08 0 


= V2 E, cos 0 


.. for the mean D.C. voltage, we have, for an m-phase rectifier, 


Ey, = V2 E, X os [ Seoe0. 


= V2E, x ” x Qsin 
27 
= V2E,. ~ .sin 2 
7 m 
Actually the terminal voltage will be the above, less the sum of 


the drops in the rectifier and in the transformer. 


Example. The full load terminal voltage on the output side of a six-phase 
rectifier is to be 1,500, and the sum of all the drops is 25 volts. Calculate the 
transformer secondary phase voltage. 
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Voo == V2 E, ° 


ct a 
-sin7 - (sum of drops) 


Ilo als 


"91,500 =/2H, . — . sin 80 -— 25 


VIB, 5 = 1,525 


1,525 x x 
E = — 
4 3Vv2 
= 1,140 volts. 


In calculating the current relationship, we have to note that the 
rectified current is supplied in turn by each secondary phase of the 
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transformer, and that this current persists in each phase only for 
2x/m of a cycle per cycle. The secondary current is thus in the 
nature of a series of intermittent impulses, as shown in Fig. 341. 


Hg 
The mean current per phase is thus Ki / fee while the R.M.S. current 


I. 
is ”° / x Thus with a six-phase rectifier 
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14. Grid Control of Mercury Arc Rectifiers. Imagine that a 
perforated grid is interposed between cathode and anode in such a 
way that the electrons can only reach the anode via the grid. Then 
it is quite clear that the motion of the electrons will now depend on 
the potential of the grid relative to that of the cathode. If the 
grid is positive, the electrons will be accelerated in their path to the 
anode, as in Fig. 342 (a), whereas if the grid is negative, the electrons 
will be decelerated. Provided this negative grid potential is large 
enough, the electrons will be turned back by the repulsion of the 
grid and will not be able to reach the anode at all, as in Fig. 342 ( 6). 
In such a case, the flow of current will cease. Rissik defines the 


while Jpys3 = 
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function of grid control as follows:* “The function of any system 
of grid control is to permit the establishment of a current arc at the 
anodes of a current convertor at a predetermined instant in the 
anode voltage-cycle by the application of a positive potential to 
the individual control grids, and to prevent the re-establishing of 
the arc at some other instant by the subsequent application of a 
negative grid bias. The former potential is usually referred to as the 
liberating voltage, whilst the latter is generally known as the blocking 
potential.” The liberating voltage varies between the limits 25 and 
150, and the blocking potential between 100 and 300 volts. 

It is clear that the grid control voltage will have to be synchronous 
with the voltage supply to the anodes, and therefore the most 
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Fig. 342 


obvious method of obtaining the control voltage is to use an altern- 
ating voltage of suitable value derived from the supply. The control 
is carried out by varying the phase of the grid voltage. Consider 
the first figure of Fig. 343, which is taken from Mercury Arc Current 
Convertors, by H. Rissik. The grid voltage v, is in phase with the 
anode voltage. The horizontal ignition line of ordinate g represents 
the necessary voltage to be applied to the anode before ignition 
can take place, and therefore the point of intersection of this line 
with the grid voltage wave gives the moment at which the arc is 
struck. Now, once the arc is started, the grid has no further influence 
on the performance, the arc continuing at the anode as in the case 
of a rectifier without grids. In the figure, this is until the anode 
voltage falls to zero, and the anode delivers current for practically 
half a cycle. The angle a, by which ignition is delayed from the 
zero of the anode voltage, is called the ignition angle. In the second 
figure, the ignition angle a, is considerably greater than a,, with 
the result that the intersection of v, with the ignition line occurs 
considerably later in the cycle, and the time of delivery of current 
by the anode is considerably reduced. In the third figure, the angle 
a; is still greater, and we see that when v, is nearly in phase opposition 
to e the time of delivery of current by the anode is very small 


* Loc. cit., Chap. IX. 
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indeed. We have seen that the average direct voltage is the average 
of the anode voltage curve reckoned over the period of ignition, and 
we therefore see that grid control gives a means of varying the 
output voltage. Furthermore, since the grid voltage is inoperative 
once the arc has been started, this voltage need not be sinusoidal 
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but can be in the form of almost instantaneous impulses, which can 
be obtained from a synchronously driven alternator which gives a 
very peaky wave form. 

The application of this method of voltage control in the case of 
a six-phase rectifier is illustrated by the figures in Fig. 344. In the 
first figure, the grid impulses synchronize with the intersections of 
the various anode voltage curves so that the grids try to start the 
arc at the moment it would have started without their aid. The 
grids thus have no effect and the output voltage is that of a six- 
phase rectifier, without grids: this voltage is taken to be 100 per 
cent. In the second figure, the instant of application of the grid 
impulses has been advanced an angle a = 30° with the result that 
the arc starts suddenly at an anode when the impulse is applied, 
and persists until the impulse has been applied to the next anode 
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in the sequence. With a = 30° the average output voltage, as 
represented by the average under the shaded area, is reduced to 
86-6 per cent. With a = 60° this average is reduced to 50 per cent, 
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Fig. 344. VARIATION oF THE OUTPUT VOLTAGE WITH THE PHASE-ANGLE 
or Arc CoMMUTATION 
English Electric Co. 


and so on, until when a = 120° the output voltage is reduced to 
zero. The above curves of output voltage variation are theoretical 
curves corresponding to a pure resistance load, and, in practice, the 
irregularities are somewhat smoothed out by the inevitable induct- 
ance of the load circuit. If smoothing equipment is used, the output 
voltage can be made almost uniform. 

The connection scheme for such a method of voltage control is 
illustrated diagrammatically in Fig. 345 in which the liberating and 
blocking voltages are shown as derived from batteries, and the grid 
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impulses applied via a synchronously driven distributor. In such a 
scheme the instant of ignition is controlled by varying the angular 
position of the distributor. There are other systems of voltage 
control, but standard works must be consulted for these. 

The relationship between the mean output voltage with retarded 
ignition to the output voltage without any control of the ignition, 
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is very easily deduced as follows, the assumption being that the 
voltage waves are not distorted. Hig. 346 shows two consecutive 
intersections of the anode voltage waves. For uncontrolled ignition 
the period of ignition will be that corresponding to the angular 
range P to Q, and, as before, we have 


= 
tron Vix Bf cos 6 . dO 
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If the ignition is retarded an angle a by means of grid control, 
then the arc commences at the instant corresponding to the point 
R and changes over to the next anode in the sequence, at the instant 
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corresponding to point S. The total period is the same as before, 


viz. 27/m, but the limits are now -(2 - a) to +2 + a) 
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In other words, the ratio of the reduced output voltage, obtained 
by grid control, to the output voltage given with no such control, 
is equal to the cosine of the angle of ignition retard. 

15. Inverted Operation. The rotary convertor can operate either 
direct or inverted, but the rectifier, without grids, can only operate 
direct, because it is not possible to reverse the direction of current 
flow. With grid control, however, inverted operation is possible in 
spite of the fact that reversal of current in the arc is not possible. 
To understand this, consider, first the case of a direct-current shunt 
machine which, as we know, will either run as a generator or a 
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motor. Fig. 347 shows three possible modes of operation. In (a) 
the armature voltage HZ, is greater than the bus-bar voltage H, and 
the machine generates. In (b), H, is less than EZ, and the machine 
motors, but neither voltage is reversed in sign and consequently 
the current has to reverse. In (c), H, is again less than HZ, but the 
connections to the bus-bars have been reversed, and EH, has been 
reversed in direction, with the result that motoring action has been 
secured without the reversal of current flow. The inverted operation 
of a mercury arc rectifier is analogous to the above; the current 
flow can not be reversed, and consequently the voltage must be 
reversed, and at the same time must be reduced. Now without 
grids only the positive portions of the anode voltage curves are 
utilized so that reversal is impossible, but with grid control the 


(a) Eg >£, Generating. (b)Eqg<E£, Motoring (c)Eqg<Evand reversed. 
with I reversed. Motoring with f in 
the original direction. 
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impulses can be timed so as to utilize the negative portions of the 
voltage waves and also to give this reversed voltage the required 
reduced value. For inverted operation the leads to the load must 
also be changed over as in the case of the direct current machine of 
Fig. 347. Fig. 348 shows, in a diagrammatic way, the difference 
between normal and inverted running of the rectifier. The external 
load is shown as a direct-current machine which in the first case 
runs as a motor, and when the rectifier is functioning inverted, runs 
as a generator. 

There are several practical applications of the mercury arc 
invertor, one of these being Ward-Leonard control of a direct 
current motor with two rectifiers taking the place of the motor- 
generator set, as shown diagrammatically in Fig. 349. The control 
of the speed is effected by grid control of the output voltage of a 
rectifier in place of excitation control of the generator voltage in the 
ordinary system. One of the rectifiers is used for forward running, 
while the other is used when the direction of rotation of the motor 
has to be reversed. For simplicity, a single-phase supply is shown 
in the diagram, the dotted connections referring to the rectifier used 
for reverse running. So long as the driven machine is operating 
only as a motor, then neither rectifier will be used as an invertor, 
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but if regenerative control is required, motor action will change 
over to generator action and one or other of the rectifiers will have 
to operate inverted, according to the direction of rotation. 


Inverted Operation 


Fig. 348. INvERTED OPERATION OF MERCURY-ARC CONVERTOR 


16. Hot Cathode Rectifiers.* The mercury arc rectifier previously 
described is a cold cathode rectifier, in that the heating of the 
cathode necessary for electron emission is localized at the small 


* See Henney, Electron Tubes in Industry, and Guilliks 
Industrial Electronics. ais emusic eee 
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cathode spot and is derived from the bombardment of the cathode 
by the positive ions. In the hot cathode rectifiers, the cathode is 
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heated as a whole from an external source. The enclosure is highly 
evacuated and a very small amount of mercury is enclosed, but this 
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Fia. 350. Haur-wAvE AND FuULL-wAvE Hot CATHODE RECTIFIERS 
mercury does not form the cathode. Its function is to supply gas 


molecules to be converted into positively charged ions by collision, 
so that, for a given anode voltage, the current output is increased. 
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The operation is fundamentally the same as that of the mercury 
arc rectifier, the current passing through the tube as an arc, but 
only with a possibility of one direction of flow, viz. from anode to 
cathode. With.a single tube, half-wave rectification is obtained, 
while with two tubes and a centre-tapped transformer, the rectifica- 
tion is full wave. Comparison of the connection schemes of Fig. 350 
with those of Fig. 334 will show that the hot cathode rectifier and 
mercury arc rectifier are essentially similar, the chief difference being 
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that the cathode of the former is a filament which is heated by the 
passage of current derived from a small filament transformer. 

This type of rectifier has several advantages as compared with the 
mercury arc rectifier previously described, viz. 

1. Smaller size for a given capacity. 

2. Smaller arc length, leading to a lower are drop and therefore 
a higher efficiency. 

3. Lower drop at the cathode, this again increasing the efficiency. 

4, Freedom from back-firing. 

The cathode is usually a barium-coated filament, since this 
material is very efficient from the point of view of electron emission 
when its temperature is raised. 

The tungar rectifier is similar to the above, except that it has a 
tungsten filament and the tube contains an atmosphere of argon, 
there being no mercury present. It is suited to low voltages and 
comparatively heavy currents, and is therefore commonly used for 
charging batteries and similar small power requirements. The 
kenotron is a highly evacuated rectifier with no heavy gas molecules, 
such as those of mercury vapour, present. It is therefore only 
suitable for very small currents, its application therefore being to 
high-voltage rectification. 

If the hot cathode rectifier is provided with a control grid, then 
the rectifier becomes a gas-filled relay or thyratron. Just as the 
two-element hot cathode rectifier is similar in operation to the 
mercury arc rectifier, so is the thyratron similar in operation to the 
mercury are rectifier with grid control. Thus if an alternating 
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potential of supply frequency is applied to the grid, the output will 
be dependent on the phase of this grid potential. The grid voltage 
necessary to control the anode current is called the critical grid 
voltage: it is not a constant, but varies with the anode voltage. 
Hence, if the anode voltage is alternating, the critical grid voltage 
will also be cyclic (although not sinusoidal), as shown in Fig. 351. 


Anode Voltage 


Mj ae @ 


Critical Apphed 
Grid Voltage Grid Voltage 


Fig. 352. PRINCIPLE oF THE THYRATRON 


If the grid is given a steady bias, as represented by the horizontal 
line below the axis, the thyratron will start to pass current at the 
intersection of this line with the critical grid voltage curve. By 
altering the grid bias, the grid line can be shifted either up or down, 
and can be made to coincide with the axis. There is no current 
flow during the negative half cycle and the range of control by this 
method is from the utilization of the whole of the positive half 
cycle to the utilization of half of the positive half cycle. Thus the 
average current can only be varied from full to half value by this 
method. 

By applying an alternating grid potential, and making use of 
phase control, then the average current can be varied from full 
value right down to zero, as illustrated by the curves of Fig. 352. 
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The usual circuit for illustrating phase control of the grid voltage 
is shown in Fig. 353, in which it will be seen that the grid is connected 
to the junction of a condenser C and a non-inductive resistance R 


Fig. 353. PRINCIPLE oF THE THYRATRON 


in series. By varying C and R, the phase of the grid voltage can be 

varied, and therefore the output of the thyratron controlled. 
There are many industrial appliances of thyratrons, one of these 

being illustrated in Fig. 354. The thyratron is here operating as a 


Relay Operating Coil 
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Fia. 354. An APPLICATION OF THE THYRATRON 


relay in conjunction with a photoelectric cell. When light is thrown 
on the cell, current flows through the cell and a potential difference 
is established across the ends of the high resistance R. This brings 
the grid of the thyratron within the ignition range and consequently 
an are is struck and the thyratron anode current flows through the 
operating coil of the relay. In some cases the circuit is arranged so 
that the relay is operated when the light supply to the photocell 
fails. Typical examples of this application are the automatic 
lighting of street lamps with failing daylight, and the operation of 
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burglar alarms. In this second application the light beam consists 
of ultra-violet rays only and is therefore invisible. 

17. Solid Contact Rectifiers.* The most important of the solid 
contact rectifiers is the copper disc rectifier, the action of which is 
based on the fact that a copper disc covered with a layer of cuprous 
oxide has a greater resistance to the current flow in one direction 
than in the reverse direction. Copper oxide rectifiers for small 
outputs consist of copper discs having on one side a layer of cuprous 
oxide obtained by the oxidation of pure copper blanks. The oxide 
layer has a thin annular coating of graphite, and contact with this 
is made by means of a lead washer: The requisite number of discs 
is mounted on an insulated steel rod with coppered steel space and 


aoa ) 00000 
Load + 


Half-Wave Full-Wave 


Fig. 355. Hanr-wAvE AND FULL-WAVE RECTIFIERS 


tinned cooling fins. The oxidation is carried out by heating in air 
for several minutes at about 1,020°C., the melting point being 
1,040° C. The rectifying action is very poor, however, unless a 
special subsequent heat treatment is given, this consisting of 
annealing at about 600°C., followed by rapid quenching. The 
surface layer of black cupric oxide, CuO, formed during cooling is 
removed by cyanide solution. 

The forward average current rating for three-quarter inch diameter 
discs is about one-third of an ampere, and the maximum safe reverse 
voltage about 9 volts. For large powers, of the order of several 
kilowatts, the large-plate type of element is used, consisting of a 
long oxidized copper strip about 2 in. wide. Series-parallel combin- 
ations involving standard elements can be arranged to meet any 
voltage and current requirements. ; 

Another important dry-plate metal rectifier is the selenium type 
developed in Germany. With this rectifier, discs of steel are used 

* Tt is not possible to describe the many forms of rectifier which have been 
devised for different purposes, e.g. the synchronously driven commutator, 
vibrating reed, electrolytic rectifier, and so on; very full particulars will be 
found in Alternating Current Rectification, by Jolley. 
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with a specially prepared surface on which is deposited a thin layer 
of selenium, a hard grey-coloured element. Contact is made by a 
ring of special alloy apparently deposited by spluttering. Selenium 
rectifiers are very efficient, and for the same output are more 
compact than the copper oxide type. 

As with other types of rectifier, the copper oxide rectifier can be 
used either for half-wave or for full-wave operation, the latter 
requiring a bridge arrangement of the elements, as shown in Fig. 
355. Alternatively, full-wave rectification can be secured by means 
of two rectifiers and a centre-tapped transformer exactly as with 
the other types of rectifier. Owing to its simplicity, and the fact 


Volts 


WT 53, 


87°53" 8/63" 
Fie. 356. 


that auxiliary batteries or filament supplies are not required, this 
type of rectifier, is now very widely used. In very small sizes it is 
used in the mains units of wireless receiving sets (and in measuring 
instruments), while in larger sizes with large current output it is 
commonly used in the place of batteries if direct current is required 
where only an alternating-current supply is available. 

Example. A half-wave rectifier is used to charge a 40 volt battery from an 
alternating-current supply of R.M.S. voltage 200. The resistance of the 
rectifier to current in one direction is 200 ohms, and in the other direction 
very high. If the battery resistance is negligible, calculate the ampere-hours 
put into the battery in 24 hours. : 

The battery E.M.F. of 40 volts is opposed to the supply voltage 
during the charging half cycle, so that for the resultant voltage we 
have 

€ = LE nag Sin 0 - 40 

But charging cannot commence until the supply voltage has 
risen to 40, and charging ceases just before the end of the half cycle 
at the instant the supply voltage has fallen to 40. The corresponding 
angles are 


arc sin - ‘= are sin st == 8° 7! 
Eorcee 933 


and 180 - 8° 7’ = 171° 53’, Fig. 356. 
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Taking the origin at the instant the applied voltage is a maximum, 
we have for the average charging E.M.F. over one half period 


+ 81°53’ 
283 cos 6 d6 — 40 


— 81°53’ 


2 


vin z X 283 sin 81° 53’ — 40 


Il 


E X 283 x -99 - 40 
cf 


= 179-40 
= 139 volts 


., Average charging current per half cycle 


139 
ong -695 amp., or -35 amp. per cycle. 


Hence ampere-hours per 24 hours 
= 35 x 24 = 8-4. 


EXAMPLES ON CHAPTER XXI 


(1) A six-phase rotary convertor is supplied from a transformer with the 
secondaries connected in double delta. If the convertor delivers 500 amp. 
to the D.C. load, what current will flow in the secondary winding of each 


transformer ? 
Ans.—136 amp. 


(2) A rotary convertor with six slip rings is fed from the secondaries of a 
three phase transformer with star-connected primaries. Each primary coil 
has ten times as many turns as the secondary. A load of 200 amp. at 500 
volts is taken from the continuous-current side. Draw carefully a diagram 
of the connections, and also, a vector diagram showing the magnitude and 
phase relationship of the voltages of the line, of the transformer coils, and 
of the slip rings. Calculate the approximate voltages on the mains and the 
currents in the primary coils (assume the efficiency to be 100 per cent, and 
the power factor, unity). (London Univ., 1914.) 


Ans.—Assuming diametrical secondary connections, line voltage 6,100 
current in primary coils 9:5 amp., voltage at slip rings 353. 


(3) A six-phase rotary convertor is supplying 100 amp. to the D.C. -side. 
Draw graphs of the current in the armature (a) for a conductor mid-way 
between two tapping points, (b) for a conductor at a tapping point. 

(4) Explain the action of the rotary convertor, and explain why it is more 
economical to use a rotary convertor with a large number of phases. Show 
that in a six-phase rotary convertor working at unity power factor, the 
heating of a coil close to the tapping point is about twice as great as that 
of a coil midway between two tapping points. (London Univ., 1922.) 

(5) Explain the switchboard connections that must be made in a sub- 
station containing self-synchronizing rotary convertors, and compare the 
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advantages of this type of convertor with that in which the rotary is started 
up without this special device. Give a diagram of connections of the self- 
synchronizing rotary convertor, and explain the method of starting up. 
(C. and G. Distribution.) 

(6) Compare critically the following methods of starting rotary convertors: 
(a) starting electrically from the continuous current side; (6) starting 
electrically from the alternating current side; (c) starting mechanically by 
a small motor. Consider the matter under the following headings: (d) ease 
of operation; (e) time taken to come to synchronism; (f) reliability in 
times of stress when the generating voltage is steady. (C.and G., 1914.) 

(7) Examine critically the suitability of the various methods of adjusting 
the voltage on the D.C. side of a rotary convertor when the range of voltage 
is a wide one, say, from 440 to 550 volts. 

(8) Explain why, in a rotary convertor, the heating of the armature for a 
given load is reduced as the number of phases on the A.C. side of the machine 
is increased. Show generally how the distribution of temperature in the 
armature changes as the excitation of the rotary convertor is changed. (C. 

_and G., 1918.) 

(9) The speed of a rotary convertor, when used to convert direct current 
power into alternating current power, varies with the power factor of the 
load on the alternating current side of the machine. Explain this result, and 
describe an arrangement which may be used to reduce the speed variation. 
(London Univ., 1924.) 


CHAPTER XXII 
COMMUTATOR MOTORS 
I. Tue Srveitr-PuHast Serres Motor 


1. If an alternating current is sent through an ordinary D.C. series 
motor, the field and armature currents reverse simultaneously, so 
that a unidirectional torque is produced and the armature rotates. 
The motor has to be modified very considerably for work with 
alternating currents. Thus, all the iron has to be thoroughly 
laminated both in armature and field.* 

There are two E.M.F.s induced in an element of the armature 

winding. First, there is the dynamically induced E.M.F. caused 
by the rotation of the armature conductors in the magnetic field. 
Second, there is the statically induced E.M.F. produced by the 
alternations in the flux, independently of rotation. Whatever the 
brush position may be, there is always an E.M.F. induced in the 
short-circuited winding element. Thus, when the brushes are in 
the normal position, the short-circuited element has a statically 
induced E.M.F.; and when the brushes are perpendicular to the 
normal position, it has the dynamically induced E.M.F. Hence, 
the motor shows a much greater tendency to sparking than a D.C. 
motor, and the elimination of sparking has been one of the most 
difficult problems in the evolution of the motor. Both excessive 
sparking and poor power factor are prevented by ‘“‘ compensating ”’ 
the motor, the aim of which is to neutralize the effect of self-induc- 
tion. This can only be done for the armature, since to neutralize 
the self-induction of the field means that the field flux must be 
neutralized, which is obviously impossible. The armature can be 
compensated by employing coils carrying the armature current, 
and placed in such a way as to neutralize the armature flux. The 
Fig. 357 A-B-c shows how thiscan be done. In 357(A), the field flux is 
produced along the axis AB, and the armature produces its flux 
at right angles to this, namely, along the brush axis CD. Thus 
the compensating coil must produce its flux along CD and in a 
direction opposite to that of the armature flux at every instant. 
In the figure the field and compensating windings are shown as 
solenoids ; in the actual motor they are distributed windings. 
__ Since two fields at right angles produce a single resultant field, 
it is possible to combine the main field and compensating windings 
into a single winding producing its flux in the direction of this 
resultant, as shown in Fig. 357(B). 

The compensating coil, instead of being connected in series with 
the main field coil, can be short-circuited as in Fig. 357(c). It then 
acts like the short-circuited secondary of a transformer, of which 
the primary is the armature winding. Since the fluxes produced 

* For full particulars see Dover’s Electric Traction. 
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by the primary and secondary of a transformer almost neutralize 
one another, we see that this method gives good compensation, in 
spite of the fact that, due to the air gap, magnetic leakage is 
greater than in an ordinary transformer. 


pply— Supply 
(B) (Cc) 


Fie. 357 
CoMPENSATED SERIES MoToR 


In spite of compensation, there is often great difficulty in pre- 
venting sparking, and therefore, some manufacturers increase the 
resistance of the path taken by the current in a winding element 
as it is short-circuited at the brushes. This is done by using 
leads of high resistance between the windings and the commutator 
segments. It can be seen from Fig. 358 that these leads form a 
high resistance both for the short-circuit current and also for the 
main current flowing from brush to armature. Hence, the J?R 
loss due to the circulating currents in the short-circuited elements 
is considerably reduced (since the 
currents are reduced) while the J?#R 
loss due to the main current is in- ! 
creased. In practice, the inserted 
resistance is so chosen that the sum of Torque 
these two losses is a minimum. 


als 
YY 
Yi Commnutator 
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Fie. 358, Fia. 359 
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2. The Circle Diagram. Consider a compensated motor having 
no losses of any kind, and connected to constant voltage mains. 
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Let OC (Fig. 359) represent the applied E.M.F., H, and OJ repre- 
sent the current, J, in phase. Then / COZ is the angle of lag, y. 
The statically induced E.M.F. due to self-induction of the field is 
equal to Lw/, and lags 90° behind J. It is represented by vector 
OA on the diagram. The dynamically induced E.M.F. in the 
armature is obviously the motor back E.M.F., and it is therefore 
represented by OB, in phase opposition to the current. Also, OB 
must have a component in phase opposition to H, since the machine 
is a motor. The applied E.M.F. is equal and opposite to the 
resultant of OA and OB, 


.. HE = OC = OB reversed + OA reversed. 
If we draw a semicircle on OC as diameter and join CD, we see 
that H is the resultant of OD and CD. Again, OD is in line with 
OB and DC is parallel to OA, the point D being the intersection 
of the current vector with the semicircle. 

Hence, OD = OB, the dynamically induced E.M.F., 

and CD = OA, the statically induced E.M.F., Lol. 
Now OC is constant, and therefore, the semicircle ODC is the locus 
of the intersection of these two vectors. 

Again, CD = Lol, and since L and w are constant, CD repre- 
sents the current in magnitude. If now a perpendicular CF is 
drawn, then / DCF = 4 COD = @q, and therefore, referred to 
CF, the vector CD represents the current both in magnitude and 
phase. If we assume that the iron is not saturated, but is worked 
on the straight part of the characteristic, a condition which approx- 
imately holds in order that the iron losses may not be too high, 
the flux is proportional to the current. Hence, CD also represents 
the flux. 


The power factor = cos p = OD 


OC 


is proportional to OD, since OC is constant. 
Torque is proportional to the product of the current and flux, 

pe oe OD X-OD 
o CH x OC 
oc CH, since OC is constant. 

Intake = HI cos 
oc OC x CD X cosy 
oc OC x DH 
o DH 
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Speed N is related to the dynamically induced E.M.F. and the 
flux as follows— 
Dynamically induced E.M.F. oc flux x speed, 


OD 
Baier 


oc OG 


If different positions of the point D are taken on the circle, and 
the above quantities, measured off, the characteristics can be 


Fie. 360 Fia. 361 
CHARACTERISTICS Or SrRrzs Moror CoRRECTED CrrcLz= DIAGRAM 


drawn. These are of the form shown in Fig. 360. Since the cur- 
rent is a maximum at standstill, the speed becomes zero when the 
current reaches its maximum value. The speed tends to become 
infinite when the current is very small, so that the mechanical 

_ characteristics of the motor are very similar to those of a D.C. 
series motor. The motor is thus very suitable for traction use, in 
which sphere it is very largely used. 


3. The Effect of Losses on the Diagram. 
Copper losses = PFR=IXxXI.R 


IR is the resistance drop, and is in phase with J. Hence, it can be 
represented by marking off a length DD’ (Fig. 361) equal to ZR. 


.. Copper losses = CD x DD’ 
= 2ACDD' 
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If we neglect for the moment the iron and friction losses, we have 


Output = 2A OCD-2 A CDD' 
= 2A OCD’ 
fe ae hig 
Again, the ratio DD’/CD = IR/I = R 
= a constant, 


and therefore the angle DCD’ is a constant, =a, say; and the 
locus of D’ is a circle whose centre is a little to the left of OC. 


dynamically induced E.M.F. 


Speed oc 
ad flux 


heat ia 
CD’ CD’ 
Draw OG’ inclined at the fixed angle a to OG, meeting CD’ produced 
in G’. Then 
OD’ OG 
peas A ieee 1? i 
Bie HOR” 160 
The iron and friction losses cannot be represented geometrically, 
because the speed and flux are both variables. If they are deter- 
mined by a separate core loss test, or calculated from design data, 
a curve of these losses can be drawn as shown dotted. The output, 
taking losses of all kinds into account, is then D’H”, 
D'H" 


*, Efficiency = Dar 


4, Conditions Necessary for a Good Power Factor. From the 
circle diagram, 


tn Gee CD _ statically induced E.M.F. in the field __ 
at Ft dynamically induced E.M.F. in the armature 


Let f= supply frequency 
7T', == no. of turns on the armature 
7', = no. of turns on the field 
@® = flux (max. value) 
Hence, statically induced E.M.F. in the field 
oc OT f 
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Now let the speed be such that the dynamically induced E.M.F. in 
the armature is of frequency f, 

.. Dynamically induced E.M.F. oc OT, f; 


OT, f 
OT f; 


.. tan gm oc 


=k~x £ x T; , where k is a constant 


fi Ta 
1 1 
. cos ee 
y weiner aaa See 
i T 2 


Hence, for a good power factor the two ratios f/f, and T',/T, must 
be kept small. Now f is proportional to the synchronous speed 
w,, and f, is proportional to the actual speed w. Thus, the ratio 
f/f, is kept small by having a low frequency supply and a high 
actual speed. On the Continent the frequency for single-phase 
traction work is as low as 15. Because of the low frequency, these 
motors have a larger number of poles than D.C. traction motors. 
As a rough rule, it can be taken that there is a pair of poles for 
each 100 to 150 h.p. They are built in sizes as large as 3,000 h.p. 

To keep the ratio T/T’, small, the motors have a magnetically 
strong armature, this being possible because of the compensation 
of the armature. 

The characteristics of A.C. series motors can thus be summed 
up as follows— 


(a) They have a compensating winding located in the pole faces. 

(b) A large number of poles. 

(c) A large number of turns on the armature winding. 

(ad) A comparatively small number of turns on the field. 

(e) A low frequency of supply. This, combined with the neces- 
sity for a low synchronous speed, is the reason for the large number 
of poles. 

(f) Small air gap: necessary because of the weak field. 

(g) Interpoles with shunt or compound excitation. 


5. Excitation of the Interpoles. When a winding element under- 
goes commutation, a reactance E.M.F. is set up in it, due to the 
reversal of the current, exactly as in a D.C. machine. This is 
_ compensated by having series excitation of the interpoles. The 
interpoles also have to compensate for a voltage, called the “ trans- 
former voltage,” which is induced in the winding elements by 
ordinary transformer action, independently of whether the arma- 
ture is stationary or rotating. This transformer voltage, like all 
statically induced voltages, is in quadrature with the flux which 
produces it, and therefore, it cannot be compensated for by series 
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excitation of the interpoles. On the other hand, shunt excitation 
gives a quadrature flux, and therefore, both reactance and trans- 


. series Comeg pole Winding 


TELS Shunt Com'g pole Winding 
ed A 


Fic. 362 
MzrHop or Excitine THE INTERPOLES 

former voltages can be neutralized by having shunt, in addition to 

series, excitation of the interpoles. The actual arrangement of the 

windings is shown in Fig. 362.* 

II. Tu Rervtsion Motor 


6. This motor differs from 
the A.C. series motor in 
that no current is led into 
the armature, the brushes 
being short-circuited as 
shown in Fig. 363. 

Consider an ordinary D.C. 
armature with — short-cir- 
cuited brushes placed in a 
bi-polar field excited by 
alternating current. 

(a) Let the brush axis be 
perpendicular to the main 
flux as in Fig. 363(a). Then 
the E.M.F.s induced in the 
two halves of the winding 
shown will neutralize one 
another, and the armature 
will neither carry any in- 
duced current nor produce 


(A) 


any torque. 

(6) Let the brush axis be Fra. 363 
along the direction of the Action or Reputsion Motor witH 
main flux, as in Fig. 363(s). Dirrerent Bruss SEerrines 


* For further information, see Dover, Electric Traction and Electric Motors 
and Control Systems. 
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Then a current will be induced in the armature, the four quarters 
of which will produce four torques as indicated by the dotted 
arrows. ‘These will neutralize one another, the total torque being 
again zero. 

(c) Let the brush axis be inclined at any angle a to the direc- 
tion of the main flux, as in Fig. 363(c). Then calling the torques 
7, and 7’, as shown, 

Resultant torque, 7 = 2(7',- T) 
The torque is also given by the expression 
T oc (current between brushes) X (component of main flux 
perpendicular to brush axis) 
Now, current between brushes 


oc component of main flux along brush axis 
oc O cosa 
.. T < ® sina X © cosa 
oc sina cosa, © sin2a 
Hence, 7 is a maximum when 2a = 90°, i.e. when a = 45°. 


EE 
mf) 7 Ce 
Neca ney Axis 
Excitation 
Axis 
(A) (B) 
Fie. 364 


The actual arrangement of Fig. 364(4) can be considered as 
replaced by that in Fig. 364(B). If the total number of turns on 
the actual field is 7’,, then 


Number of turns on winding 7 = T’, cosa 
Number of turns on winding H =T;, sina 


The axis of the winding 7’, namely, the brush axis, is called the 
transformer axis of the motor. The winding # has no transformer 
action on the armature, except on those coils which undergo short 
circuit at the brushes, and therefore, it transmits no energy to the 
armature. Its function is to supply the excitation only, and 
the axis of # is called the excitation axis. When the motor is 
running, the armature develops mechanical energy, and this energy 
is imparted to it along the transformer axis, ie. from the stator 
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winding 7’. Also the flux in the transformer winding 7’ induces 
a static E.M.F. in 7’; and since the phase difference between a 
flux and the statically induced E.M.F. it sets up is 90°, it follows 
that the flux in winding 7’ is in quadrature with the current, and 
therefore, with the flux along the excitation axis. But these two 
fluxes are 90° apart in space as well as in time, and therefore, the 
motor possesses 


(a) A uniform rotating field, if the two fluxes are equal 
(6) An elliptical field, if they are different in magnitude. 


In the armature there is a static E.M.F. along the energy axis 
set up by transformer action, and this is in quadrature with the 
flux producing it, i.e. with the flux through T. Again, the flux 
through 7’ is in quadrature with the flux through #, and this 
latter flux produces the dynamically induced E.M.F. in the arma- 
ture, which is, of course, in phase with the flux through #. Hence, 
the armature dynamically induced E.M.F. is in phase opposition, 
180°, to the statically induced E.M.F. The difference between 
these two armature E.M.F.s is equal to the armature drop in volts 
RI. If we assume an ideal motor with zero resistance, then the 
two are equal and opposite. 


Let ®, = max. flux produced by winding 7 
®, = max. flux produced by winding # 
T, = no. of armature turns 
Then dynamic E.M.F. LH; < ©,7, x Np : : : (1) 
StaticE.M.F. H,o Of . ‘ : ee (2) 


where N is the speed, and p, the number of poles. 
But LZ, is equal to H, 


“. O.Np = O,f 
Again, if we call the synchronous speed r.p.m. N,, then 
Np 
ASS eae 
.. O.Np c ON p 
a ® oC aa 
®, N, 


Hence, the two fields are equal at synchronous speed only, and at 
this speed the total field is a pure rotating one. 


At speeds below VN, O, < ®, 
At speeds above NV, 0, > ®, 


Under these conditions the resultant field is elliptical, the major 
axis at speeds below NV, becoming the minor axis at speeds above 
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N,. At synchronous speed, the armature and the rotating field 
travel at the same rate, and therefore, there are no armature core 
losses. Also, there are no circulating currents in the coils under- 
going commutation. At speeds above synchronism, the trans- 
former flux increases rapidly with the speed, thereby resulting in 
large core losses and heavy circulating currents in the coils under- 
going commutation. These conditions limit the operating speed 
of the motor to the neighbourhood of synchronous speed. If 
higher speeds are necessary, the transformer flux has to be 
weakened. On a low-frequency system the repulsion motor must 
therefore be a low-speed machine with relatively few poles, so that 
it will be considerably heavier than a series motor of the same 
power. This is because the fewer the poles, the greater must be 
the cross section of the magnetic paths for the same output. Thus, 
whereas series motors are suited to very low frequencies in the 
neighbourhood of 15, repulsion motors are better suited for 
frequencies of about 25. 


7. The Compensated Repulsion Motor. In the compensated 
motor, the field windings H#, which set up the excitation flux ®, 
along the excitation axis are dis- 
pensed with, the excitation flux 
being set up by the armature itself. 
To do this, the armature has another 

es set of brushes which have their axis 

IH H- Transtor mer along the excitation axis. (See Fig. 
Ri ise, *“ 365.) Thus, the armature itself takes 

the place of the field # in the simple 


. 
1 
' 
' 
J 


Supply Eocene repulsion motor, two important 
“ie advantages being derived from this 

Fre. 365 arrangement. 
Pte ust ata (a) Since the main field is produced 


by the armature itself, the leakage 
which occurs between armature and field in all other motors 
is entirely eliminated. oot 
(b) Practically complete compensation of the induced voltage in 
the excitation winding can be obtained at one particular speed, so 
that at this speed the motor operates at unity power factor. If 
there were no losses in the machine, this speed would be the syn- 
chronous speed, but because of losses it is slightly greater than this. 
8. The Doubly Fed or Series Repulsion Motor. This is a modi- 
fication of the repulsion motor to enable it to operate satisfactorily 
at speeds greater than synchronous speed. One scheme of con- 
nections is shown in Fig. 366. We have seen that at high speeds 
the transformer flux increases rapidly with the speed, thereby 
setting up heavy circulating currents in the coils undergoing com- 
mutation, and also causing heavy core losses. In the doubly fed 
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motor this is overcome by weakening the transformer flux. The 
diagram indicates that the point A can be moved along the 
secondary of the main transformer, thus altering the voltage 
applied to the stator winding. At starting, the brushes are 
often short-circuited and the motor is thus brought up to speed as 
an ordinary repulsion motor. Then, when the speed is near to 
synchronism, the connections are automatically changed over to 


A 


val 
A. 
Transformer 
Supply 1 teal nea ty 5 
¥ia. 366 Fia. 367 
Dovusty Freep Moron Vector DIAGRAM OF 


ComMPENSATED Moror 


the doubly fed arrangement. Thus, the doubly fed motor com- 
bines some of the advantages of the series and the ordinary 
repulsion motor. 

9. Vector Diagram for a Compensated Repulsion Motor. Consider 
for simplicity an ideal motor having no losses. In the armature 
there are (a) the transformer E.M.F., (b) the dynamic E.M.F. 
We have seen that in an armature with zero resistance these are 
equal and opposite. Now in the compensated motor the armature 
produces its own exciting field, as previously explained; and 
therefore, there are two more E.M.F.s to consider. These are (c) 
the statically induced E.M.F. set up by the pulsations in the 
exciting field; (d) the dynamically induced E.M.F. set up by 
rotation in the transformer field. 

Let OA (Fig. 367) represent the stator current. Then a vector, 
such as OX, in phase with OA, will represent the exciting field, 
ie. the field along the excitation axis. Let OB represent the 
dynamic H.M.F. (6) in phase with OX. Hence, OC, equal and 
opposite to OB, will represent the transformer E.M.F. (a). Now, 
OC is produced by the combined action of the stator and armature 
windings. The flux producing OC is perpendicular to it, namely, 
along OH; hence, OH also represents the transformer flux. This 
flux, as well as the flux OX, links with the armature, and therefore, 
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if OH is drawn proportional to the current producing this flux, the 
resultant of OH and OA, namely, HA, represents the total armature 
current. 

The statically induced E.M.I’. (c) lags behind the main field, as 
shown by the vector CF, and therefore the dynamically induced 
E.M.F. (d), which is in phase opposition to CF, will be represented 
by a vector such as FK. Now the supply E.M.F., ZH, is equal and 
opposite to the resultant of the E.M.F'.s,OC, CF, and FK, namely, 
equal and opposite to OK. It is therefore represented by OH# in 
the diagram. 

Til. Tae PotypHase Commutator Moror 


10. Action of the Commutator. Imagine first of all an armature 
with a two-layer winding brought out to a commutator, a D.C. 
armature, in fact, and let this armature be rotated in a magnetic 
field. First of all let this field be stationary in space, then the 
E.M.F.s induced in individual armature conductors are alternating 
E.M.F.s, undergoing one complete cycle for an angular movement 
of two pole pitches. But the distribution of induced E.M.F.s in all 
the armature conductors is stationary in space, the E.M.F. at any 
particular point in space being proportional to the flux density at 
that particular point. Now, the action of the commutator is to 
connect the brushes which press on it to points in the winding 
which are fixed in space, and consequently if the magnetic field 
is stationary the distribution of potential round the commutator 
is also stationary. Again, since each armature coil is connected to 
adjacent commutator segments (assuming a simple lap winding, 
as is usual), the potential distribution round the commutator is the 
coil E.M.F. integrated right round the armature. There will be a 
position of minimum potential, which for convenience can be called 
zero potential, and a pole pitch away there will be a point of maxi- 
mum potential. Also there will be one point of zero potential and 
one of maximum, potential for each pair of poles on the machine. 
Obviously, if the. machine is to be used as a D.C. machine, these 
points will give the positions of the negative and positive brush 
positions respectively, so that the potential distributions and brush 
positions for two- and four-pole machines will be as shown in Fig. 
368. The magnitude of the E.M.F. between brushes of opposite 
polarity will be 

OZN 
ye 2) =8. 
ii = 60 * 10 
With a stationary magnetic field the external frequency is zero, 
i.e. the external circuit carries direct current, while the internal 
frequency is given by the speed N of the armature. 

Now imagine that the magnetic field rotates in space, as would 
be the case in a machine consisting of a stator fed with polyphase 
currents after the manner of an induction-motor, and having a 
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rotor carrying a D.C. winding. Then, since the distribution of 
E.M.F. in the armature conductors is, at any instant, dependent 
on the position in space at that instant of the magnetic field, it 
follows that as the field rotates in space, the E.M.F. distribution 
round the winding will also rotate in space at the same speed and 
in the same direction. But obviously the potential distribution 
round the commutator will move whenever the E.M.F. distribution 


7wo-Fole Four-Pole 
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round the winding moves, so that we see, finally, that the potential 
distribution round the commutator rotates in space at the same 
speed, and in the same direction, as the magnetic field. 

Thus it is obvious that the P.D. between two brushes pressing 
on the commutator will now be alternating, the frequency being 
determined by the speed of the magnetic field in space. But the 
internal frequency is determined by the relative speed of the arma- 
ture to the stator rotating field, so that it follows that the commu- 
tator now acts as a frequency changer. Take, for example, the case 
of a 4-pole machine having its stator fed from a 50-cycle supply, 
and let the rotor travel at 1,000 r.p.m. in the same direction as the 
stator field. 

Speed of stator field = 120f/poles 
= 120 x 50/4 
= 1,500 r.p.m. 
.. Relative speed of stator field to rotor = 1,500 — 1,000 
= 500 r.p.m. 

External frequency, i.e. frequency of the alternating P.D. at the 

brushes 
= frequency corresponding to field speed 
= 50 cycles/sec. 
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Internal frequency, i.e. frequency of currents in the rotor con- 
ductors 
= frequency corresponding to relative speed 
= 4 x 500/120 
= 16-67 cycles/sec. 


It will be clear that (a) the P.D. between any two brushes 
will depend on their angular distance apart, and (b) that any number 
of phases of the external circuit can be arranged merely by pro- 
viding the necessary number of brushes. Thus in the case of a 
-2-pole machine two diametrically opposite brushes will give single- 
phase, three equally spaced brushes will give three-phase, and so on. 
Thus the commutator can act, not only as a frequency changer, but 
as a phase convertor as well. 

Suppose that the commutator is worked single-phase, then the 
brushes will be placed as in the case of a D.C. machine. The voltage 
given by the E.M.F. will be the maximum value, and therefore for 
the R.M.S. value (assuming a sinusoidal voltage) we have 

OZN’ 10-8 
60v2 * 
where N’ is the relative speed of stator field to rotor in r.p.m. 

As in the case of the rotary convertor, we can regard the vector 
diagram for the armature as a complete circle and the voltage 
between two brushes of angular spacing a equal to the length of 
the chord which subtends an angle a at the centre. Thus, if the 
external circuit is three-phase, the angle a is 120° and we have to 
Soy the above value by 

sin 7/m = sin 77/3 = 0-866 
Hence for three-phase external supply the brush voltage is given 


by 


0-866 
pages Sat -8 y! 
hy oe x 10-8 x OZN’ R.MS. volts 
11. The Expedor. Consider an armature with D.C. winding 
rotating inside a stator without any windings, the stator being 
present merely to complete the magnetic path of the flux. Then, 
since the stator can produce no flux, this must obviously be produced 
by currents flowing in the armature winding. For example, if the 
armature is connected via the commutator to the slip rings of an 
induction motor, as in Fig. 369, it will carry the current of the main 
motor and so set up a rotating field. The speed of this field in space 
will depend on the external frequency, as explained above, this 
external frequency being the rotor frequency of the main motor: 
the speed will be entirely independent of the speed of the armature. 
First, suppose that the armature is stationary: then its conductors - 
will be cut by the lines of force of its own rotating magnetic field, - 
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and in consequence it will act like a choke in series with the rotor 
of the main motor. The result is that the power factor of the main 
motor will be reduced. 

Now let the armature be rotated in the same direction as its own 
field in space; if its speed is less than the field speed, the relative 
velocity of field to armature will decrease, and consequently the 
induced E.M.F. in the armature will decrease. Hence, although still 
acting as a choke, the effective reactance of the armature will be 
reduced, and the overall power factor consequently improved. 

Now suppose that the driving motor rotates the armature at 
exactly the same speed as the field speed, and in the same direction, 

Suppl 
fa Stator without 
windings 
Armature 


Induction 
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then the relative velocity of field to armature will be zero and the 
induced E.M.F. will be zero. Consequently the armature will have 
no effect on the operation of the main motor beyond the slight 
increase in slip due to the additional J?# loss in the rotor circuit 
caused by the resistance of the armature and leads. 

Finally, let the armature speed be greater than the field speed, 
then the relative velocity of field to armature is reversed, the phase 
of the induced E.M.F. is reversed, and as a result the armature 
now acts as a condenser instead of a choke. It therefore follows that 
so long as the armature is driven at a speed greater than that of 
its own field, and in the same direction, it will improve the power 
factor of the main motor, the amount of the improvement increasing 
as the excess of armature speed above field speed is increased. 

The machine is called a phase advancer, or sometimes an exciter. 
As it carries the full rotor current of the main motor it is also a 
series exciter, and to this class of machine Miles Walker has given 
the name Expedor.* Because it is a series machine the improvement 
in power factor effected by the expedor will be zero at no load, but 
will increase as the load current increases. 

For the purpose of comparatively small industrial motors it is 
clearly desirable that there should be a single machine instead of a 

* It is possible for the stator of the expedor to be provided with windings | 
so that it can contribute to the total M.M.F., but the consideration of such 
machines is beyond the scope of this book. 
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combination of three machines. G.E.C. Ltd. developed a single 
machine in which an expedor is incorporated with an induction 
motor. In such a machine it will be clear that there can be no 
control over the speed of the exciter armature, or, as it is called, 
the compensating winding. Consequently the compensator field 
must be quite separate from the main field of the induction-motor 
part of the machine. This is accomplished by housing the com- 
pensating winding in entirely separate slots near the inner periphery 


Slots for main 
rotor winding 


Slots for compensating 
winding 


Fig. 370. Corz Discs AND SLOTS IN THE EXPEDOR 


of the rotor core. The core discs are therefore of the type shown in 
Fig. 370. The compensating winding is a lap winding brought out 
to a small commutator, and the electrical connections of main 
winding and compensating winding are the same as for Fig. 369. 

The essential feature of this class of expedor is that the com- 
pensator field speed must be less than the actual speed of the com- 
pensator, and in the G.E.C. machine this is effected by arranging 
the compensator to have a different number of poles from the main 
field. A numerical example will make this clear. 


Let f= supply frequency 
pp, = number of main motor poles 
2 = number of compensator poles 
o = fractional slip of motor 


Then synchronous speed of motor = = 
1 
and actual speed of motor = at (1-0) 
1 


Slip frequency of motor = of 
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Speed of compensator field = od 
2 
Motor speed _ 120f(1- ) Ds 
Compensator field speed sp, * * 120cf 
_ P2(1- o) 

Pio 

Thus if Pp, = § poles 

P, = 2 poles 


o = 5 per cent, ie. x4 


hen motor speed _ 21-3) 
compensator field speed sg, 


= 6:33 


Hence under these conditions the compensating winding is 
rotated 6-33 times as fast as the field produced by it, thus fulfilling 
the necessary condition. 

12. The Susceptor. In the expedor type of machine the com- 
pensating winding is in series with the main rotor. This is a class 
of machine in which the compensator is in the nature of a shunt 
exciter, and to this class Miles Walker has given the name Susceptor. 
Consider again an induction motor with external exciter. The 
simplest susceptor is a small rotary convertor armature rotating 
in a stator without any windings. This armature is coupled to the 
main motor so that its speed cannot be varied independently of 
the main motor. Its slip rings are connected to the main supply, 
while its commutator is connected to the main rotor, the scheme 
being shown in Fig. 371. 

The supply at line frequency to the susceptor will set up a rotating 
field at synchronous speed relative to the armature. Also since the 
slip rings are connected to fixed points in the armature winding, 
this relative speed will be maintained whatever the actual armature 
speed may be. The connections are such that the rotations of 
susceptor and its field are in opposite directions, and therefore, 
since the actual speed is the same as the main motor speed, the 
speed of the field 1m space is the slip speed. We have seen that the 
external frequency on the commutator side corresponds to the 
actual field speed in space, and consequently this frequency is 
the same as the slip frequency of the main motor. It is for this 
reason that the commutator can be in direct electrical connection 
with the main slip rings, as shown in Fig. 371. 
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Now, since the susceptor M.M.F. is produced by currents fed in 
at the slip-ring end, the position of the susceptor field in space at 
any instant will be entirely independent of the positions of the 
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brushes on the commutator. But we saw in § 10 that the potential 
distribution round the commutator rotates in space with the field, 
and always keeps pace with it. Hence the E.M.F. at the brushes 
at any particular instant depends on the relative position of the 
brushes and the commutator potential distribution. In other words, 
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the phase of the E.M.F. at the commutator depends on the angular 
position of the brushes, and if the brush position is altered, the 
phase of this E.M.F. will be altered by a corresponding amount. 
It therefore follows that the phase of the E.M.F. injected into the 
main rotor circuit, and consequently the overall power factor of 
the equipment, can be controlled by rocking the brushes round the 
commutator. 

Now, when considering the combination of induction motor and 
susceptor into a single machine, it will be realized at once that 
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with an ordinary stator-fed induction motor this will be impossible, 
because the motor field speed is the synchronous speed, V,, whereas 
the susceptor field speed is oN,. The difficulty is overcome by 
using a rotor-fed motor, i.e. a motor whose rotor is used as the 
primary and stator as the secondary. In such a motor the field 
speed is the slip speed oN,, with the result that one and the same 
field can act as both main field and susceptor field. This further 
simplifies the construction, since both main rotor (primary) winding 
and compensating winding can be housed in the same rotor slots. 
The scheme of connections is therefore somewhat different from 
that of Fig. 371 and is given diagrammatically in Fig. 372.* 

13. Speed Control. If a D.C. motor is separately excited so as 
to have a field of constant strength, then the speed of the armature 
will be proportional to the voltage applied to it. Furthermore, 
for any given armature applied voltage the drop in speed with 
increased load will be small, the motor having a mechanical charac- 
teristic like that of a shunt motor. In fact, for a given motor, there 
will be a family of such characteristics, each corresponding to a 
definite value of the applied voltage. This principle can be applied 
to the induction motor. If the motor is stator-fed in the usual way, 
the field speed will be the synchronous speed, and consequently if 

* This motor must not be confused with the Schrage motor described in 
§ 14. 

16—(T.5432) 
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the rotor is a D.C. armature with commutator, the potential distri- 
bution round the commutator will rotate at synchronous speed. 
In other words, the frequency external to the armature will be the 
same as the stator frequency, showing that the commutator can 
be connected to a supply at stator frequency. Hence, in order 
that the speed may be varied, all that is necessary is that there 
shall be control over the voltage applied to the commutator. In 
the B.T.-H. variable-speed motor this is accomplished by means 
of an induction regulator,-the essential connections being given in 
Fig. 373. It is to be noted that the commutator on this machine is 
used for the purpose of speed control, and not of power-factor 
improvement. 

14. The Schrage Motor. This is a motor in which power-factor 
correction and speed control are both available in one and the 


Stator Winding 
(Secondary) 


Supply 


Commutator 
Compensating Winding 
Rotor Winding 

(Primary) 


Fia.{374. CoNNEOTION{SCHEME OF THE ScHRAGE MoToR 


same machine. It has been explained that the speed of an induction 
motor is dependent on the total E.M.F. acting in the secondary 
circuit. If the secondary is short-circuited in the usual way, this 
E.M.F is the induced E.M.F. and the motor runs at normal speed. 
If an E.M.F. of the correct frequency from some other source is 
injected into the secondary circuit, then if this injected E.M.F. 
has a component in direct opposition to the induced E.M.F., the 
speed will be below normal. On the other hand, if it has a com- 
ponent in phase with the induced E.M.F., the total E.M.F. acting 
in the secondary will be increased and the speed will be above 
normal. In other words, if the injected E.M.F. bucks the induced 
rotor E.M.F., the motor will run at subsynchronous speeds, whereas 
if it boosts the induced E.M.F., the motor will run at hyper- 
synchronous speeds. In addition, if this injected E.M.F. has a 
quadrature component which leads the induced rotor E.M.F., the 
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power factor of the motor will be improved. ‘The Schrage motor is a 
machine in which these adjustments are available. It is essentially 
an induction motor with integral compensator of the susceptor 
type, so that it is rotor-fed. It differs from the motor of Fig. 372 
in that each brush set is duplicated, thus giving two separate brush 
sets, and these are arranged so that the brushes as a whole can be 
rocked round the commutator, or one set can be rocked relative to 
the other. Each phase of the stator (secondary) winding is connected 
to the brushes of one set according to the scheme of Fig. 374. 
There are three possible modes of action illustrated in Figs. 
375 (a), (6), and (c). In Fig. (a) the two brushes a and b of a set 
are in line with one another, so that at every instant they will be 
in direct electrical contact through a commutator bar. Hence 


ih > : G ; | 7 
ody at (c) 
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each secondary phase is short-circuited and the motor will run like 
a plain induction motor. In Fig. (6) the brush sets are opened out > 
and the connections are such that the commutator P.D. between 
the points a and b will have a component in direct opposition to the 
secondary induced E.M.F., so that the motor will run at subsyn- 
chronous speed. In Fig. (c) the position of the brushes a and 6 is 
reversed, so that the E.M.F. picked off at the commutator is in 
phase opposition to that of Fig. (b). Hence this E.M.F. will have a 
component in phase with the rotor induced E.M.F., and the motor 
will run at hypersynchronous speeds. For any given setting of the 
brushes the motor will have a shunt characteristic. 

Although the magnitude of the E.M.F. between the brushes a 
and 6 is dependent on their relative angular positions, the phase of 
the E.M.F. depends upon the position of the centre line with respect 
to the centre of the rotor winding. Hence if the brushes as a whole 
are rocked round the commutator, the phase of the E.M.F. injected 
into the secondary circuit will be varied relative to the rotor induced 
E.M.F., and therefore the power factor of the motor will be varied. 
Hence the speed depends on the angular distance between the 
individual brush sets a and b, while the power factor depends upon 
the angular position of the brushes as a whole. 

In the case of Fig. 375 (c) there will be a certain angular distance 
between brushes a and 6 for which the motor runs at exactly syn- 
chronous speed. The field speed will then be zero, or, in other words, 
the field will be stationary in space as in a D.C. machine. The com- 
pensating winding will therefore act like the armature of a D.C. gen- 
erator, and it will deliver a direct current to the secondary winding. 


CHAPTER XXII 
COMPLEX WAVE FORMS 


1. Up to the present it has been assumed that alternating currents 
and voltages have been of simple sinusoidal form. Modern alter- 
nators are designed to give a terminal voltage which approaches 
very closely to a sine wave, but under certain conditions both 
current and voltage may be distorted very considerably. No 
matter what the wave form may 

be, the negative half-wave is an 

exact reproduction of the positive half, 

(4) _ Hig. 376(a) being a possible wave form, 

but not Fig. 376(B). Since the wave 

form is repeated at regular intervals, 

it can be split up into fundamental 

and harmonic waves all of pure sinus- 

ge)  oidal form. Also, because of the fact 

that the negative half is a reproduction 

of the positive half, there are no even 

harmonics. An alternating voltage of 

Fie. 376 any. wave form can therefore be 
represented by the general expression 


e = H, sin wt + Ey sin (Sat + ¢5) + EB, sin (Sat + 95) +... 


_where H,, Hs, Hs, etc., are the amplitudes of the fundamental and 
harmonic waves, w = 2nf, f being the fundamental frequency, and 
the angles 5, ,, etc., the phases of the harmonics with respect to 
the fundamental. 


2. Effective Value of a Complex Wave. Consider the voltage 
wave represented by 


e = FH, sin wt + H, sin (3at + —,) + H, sin (5wt + y,)+.. 
Then Ho = R.MS. value us : ws 


= ‘V Average of e? 
Now e? = #,? sin? wi + H,? sin? (3wt + 3) + E,? sin®(5wt + 9) 
Sete 


+ 2H,H, sin wt .sin (3wt + 3) + 2H,H, sin wt. sin (wt + 9) 
=r ee Cen sie 


The average value of sin®a, where a is any angle, is}. The average 
value of sina sin 8, where a and 8 are angles which correspond 
in different frequencies (as, for example, wt and 3wt + 9) is zero. 
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Hence, Hy, = 402+ fie + pL e+... 
(Eyere)® + (Ezezz)®? + (Esesy)? +... 


oe Bay = VE yap? + Ese? + Beta +o: 
Hence, the effective value of a complex wave is equal to the square 
root of the sum of the squares of the effective values of the com- 
ponents. Or, in terms of the maximum values of the components, 
we have 
Ey, = 0-707VEZ + £2Y+ Het... 

3. Influence of the Nature of the Circuit on the Shape of the 
Current Wave. Consider first a circuit possessing resistance only. 
Then we have 

I, = HR; 1,= £,/R; 1,= H,/R, etc. 
Also, the various currents: are in 
phase with the corresponding voltages. 
As a result the current wave is an _ 
exact reproduction of the voltage _ 
wave, and is in phase with it, as shown 
in Fig. 377(a). 

Consider now a purely inductive 
circuit of inductance ZL, then 


q, = E£,/Lo ; I, = E,/3Lw > 
I, = H,/5Lo, etc. 
Thus, the harmonics in the current 
wave are diminished in proportion to Fie. 377 
their frequency numbers, with the 
result that the current wave is much smoother than the voltage . 
wave, as shown in Fig. 377(B). 


We have E,,,= 0-707V H+ H+ He+... 
Lo9 = OT0TVI? + 12+ 17+... 


0-707 at a Mins 
= To war 9 tT ont 2" 


Hence the effective reactance 


a * {= BA Berk . 


- Lay E2. E,? 
ap 8 + 84+... 
1 Pts 9 a 25 2 
Now consider a circuit containing capacity only. Then J, 
= H,Cw; I, = 3H,Cw; I, = 52,Ca, etc., the effect of capacity 
thus being to magnify the harmonics in the current wave. This is 
shown in Fig. 377(c). 
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Again, EH. = 0-707VE? + £,2+ #e2+... 
I oy7 = 0-707V 11? + [374+ [,? +... 
= 0-707 Co x VE + 9H, + 258+... 
Hence, effective reactance 


Ey 1, {Het Ee + Bet... 
Ty Co NAN BP+ 9Ee+ 2be+...- 


Thus the effect of a complex wave form is to diminish the react- 
ance of a condenser and to increase the reactance of an inductive 
circuit.* 

4. Selective Resonance. If the frequency of the supply is 
suitable, resonance may take place, not with the fundamental, but 
with one of the harmonics. This is called “‘ selective resonance.” 
For resonance with the fundamental, we have the condition Lw 


— ae . For resonance with the third harmonic, we have the 


@ 
condition 3La = aa ; and soon. The effect of selective reson- 
3) 


ance is to produce enormous distortion of the current wave, in 
which the fundamental may be actually of smaller amplitude than 
the particular harmonic which causes resonance, although in the 
voltage wave the amplitude of the harmonic is much less than that 
of the fundamental. 


Example. A voltage wave having a fundamental of amplitude 500, and 
a third harmonic of amplitude 10, is applied to a circuit containing R = 1 


ohm, L = 1 henry, and C = 5p meee in series. Find the frequency for 


resonance with the third harmonic, and draw the voltage and current waves 
for this frequency. 


For resonance with the third harmonic, 


ih oll 1 i 
peta Seon Ty nes a (sewers ona 
e i 5 a 10 x 10°x 1 


f= S55 = 375 cycles per sec. 


1 2 5 0s 2 
2, — | F+ (z0-g5) ae i (2,200 - “5265 | 


= 19,000 approx. 


Z, 19,000 


* See also Golding’s Electrical Measurements and Measuring Instruments, 
Chap. XV, and Kemp’s Alternating Current Wave Forms. 
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The impedance of the circuit to the third harmonic is the same as 
the resistance since there is resonance with this harmonic. 


sa =a 10 amp. 


The voltage and current waves are shown in Fig. 378; and it will 
be seen that the harmonic is so greatly magnified in the case con- 
sidered, that to all intents and purposes the current is a triple 
frequency current. 

5. Power Conveyed by 
Complex Waves. An alter- 
nating current can only 
contribute power to a circuit 
when it is flowing under the 
influence of a voltage of 
thesame frequency. Hence Components of 
if the voltage and current '0/ase Wave. 
waves are assumed to be 
resolved into their com- 


q; 


Conenneres, 


ro) 
Current Wave, 


ponents, the total power is Fie. 378 
made up of the following To InnustaaTs SELECTIVE 
RESONANCE 


terms— 


E, acting on I, produces #,1, cos y, watts ; 


E, acting on I, produces L,I, cosy, watts; and so on. 
Hence, total power 


W = Eyl, cosy, + El, cosy, + H;l, cosy; +... 


the various power factors being given by 


Cos 9, =F COS D3 =F COS Ps =F and so on. 
With complex waves the power factor obviously cannot be denoted 
by the cosine of a phase angle, because the various components 
have, in general, different phase angles. It can be defined by the 
expression 
true power 


Power factor = 
apparent power 


Now the true power in a circuit not containing motors, and in 
which there are no iron losses, is equal to the copper loss, i.e. to 
RI eff 

RI 2 tf i RI eff 


.. Power factor = 
otters = Lory 
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Again, E,,,= 0-707VH, + He+ He+... 
La = 0:-707V 1,2 + te + I? + . aps 


But pet pea Bie 


Similarly, J; = = .CO8 3; 15 = a cos g; ; and so on. 


Lay = — V E,? cos? yp, + H;" cos? gp, + H;*cos*y,+.... 


Hence, power factor 


_ |? cos* y, + E," cos* py + H;? cos? gy, + .. . 
= He+ HfY+ HA+..- 


This expression shows that with a complex wave the power factor 
can never have the same value that it would have with sinusoidal 
waves of the same effective value, except in the case of a pure 
resistance circuit. Also, resonance cannot bring the power factor 
to unity, as it does with sinusoidal waves, because if one of the 
angles 91, M3, V5, etc. is zero, then all the others will be finite. 

6. Effect of Iron on the Shape of the Current Wave. Consider an 
iron circuit, say, an anchor ring, of cross section A square cm. 
Let it be wound with a coil of NV turns, and a sinusoidal voltage, 
applied. The apparatus is then similar to a transformer on no 
load and a sinusoidal flux given by 


Eu = 4-44 U3 pee O' | x 10°8 


F Ey, X 108 
i.e. Bmoe = faa ANF 


will be produced. Also, this flux will lag 90° behind the applied 
voltage. 

The magnetizing force H is proportional to the current, and 
therefore, if the B-H curve for the iron were a straight line through 
the origin, and there were no hysteresis, the current curve would 
be sinusoidal and in phase with the flux density curve. The cur- 
rent curve would thus be in quadrature (lagging) with the applied 
voltage, and the power would be zero. This is to be expected, 
since under these conditions the area of the B-H loop for a com- 
plete cycle would be zero, and we are not taking eddy current loss 
into account. Actually, the B-H loop has a definite area, and 
therefore, the current lags less than 90° behind the voltage in order 
that there may be some real power to supply the hysteresis loss. 
Also, since the B-H curve is not a straight line, but is a curve of 
the well-known shape, the current is distorted from the pure 


* 
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sinusoidal form. In order to be able to draw the current curve 
it is necessary to calculate B,,,, and then draw the hysteresis loop 
corresponding to this value of Brgy (See Fig. 379.) Knowing 
Bmax, and remembering that the flux density is sinusoidal, the 
curve of flux density can be very easily drawn as shown. Taking 
a series of points on this curve, projecting them on to the hysteresis 
loop, and reading off the corresponding value of the magnetizing 
current J, the current wave can be plotted. This wave contains a 
pronounced third harmonic whose amplitude, relative to the funda- 
mental, increases as the saturation of the iron is increased. If 


Fia. 379 
Wave Form or MAGnetiziIna CUBRENT 


ordinates are drawn, the mean of the products of corresponding 
ordinates on the current and voltage curves over a complete cycle 
will give the true power. Also, the effective (R.M.S.) value of the 
current can be calculated. The equivalent sinusoidal current wave — 
is that current of the same effective value, which, if acted on by 
the applied voltage, would produce the same power. If I,y, is the 
effective value, as determined from the ordinates, and is the 
angle of lag of the equivalent sinusoidal wave, then 


Average power = Ejy,] ,44 Cos 
Mig =ruaronebs ( Stores power 
eff! eff 
The curve of the equivalent current wave thus leads the curve of 
flux density by an angle p 
where y = 90 - 

The angle yp is called the ‘‘ Hysteric angle of lead.” 

It will be seen that the magnetizing current of a transformer will 
not be of pure sinusoidal form because of the hysteresis loss in the 
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core; hence, the assumption of a sinusoidal form as on page 259 
is only approximate. 

The distortion produced by magnetic saturation is such that the 
current wave possesses a very pronounced third harmonic. This 
effect can be made use of to produce a triple frequency current 
from a three-phase supply as follows. A transformer D (Fig. 382) 
has its primary winding in three separate parts, which are con- 
nected each in series with one of the chokers A, B, and C, to a three, 
phase supply. These chokers are designed to be very highly 
saturated, so that the prim- 
ary currents each contain 
a large third harmonic. 
Now, while the mutual 
phase difference of the 
fundamentals is 120°, that 
of the harmonics is zero. 
As a result, there is no flux 
of supply frequency in the 
core of D, but there is a 
flux of three times normal 
frequency. This induces an 
E.M.F. of triple frequency 
in the secondary winding 
of D. 

Fic. 380 This method is sometimes 

Taytor’s MeTHopD oF TREBLING THE used when a small amount 

FREQUENCY of power for lighting is 

required from a three-phase 
low-frequency supply. A low frequency, although suitable for 
power work, is unsuitable for lighting, especially with metal 
filament lamps. 

The above discussion of the effect of saturation of the iron applies 
to a circuit having a steady voltage of sinusoidal wave form applied 
to it. Now take the case of a coil with iron core, whose winding 
is connected in series with a circuit which is taking a sinusoidal 
current from the supply and whose impedance is so great that the 
introduction of the coil will not disturb this current. Then the curve 
of flux against time will no longer be sinusoidal, but will be flat- 
topped as is shown in Fig. 381. The flux wave is here obtained by 
projecting from the sinusoidal current wave on to the magnetization 
curve. Now the voltage induced in the coil, and therefore the 
voltage drop (neglecting the effect of resistance) is proportional to 
the rate of change of flux, the voltage drop curve thus being of the 
same form as the slope of the flux curve. This shows that the drop 
of volts is not sinusoidal, but is a peaked curve, the peaks being 
exceptionally pronounced when the iron is strongly saturated. 

7. Wave Form of an Alternator. The terminal voltage is the 


3-phase Supply 
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vector sum of the E.M.F.s in the individual conductors. Hence, to 
obtain a sinusoidal terminal voltage it is necessary that these 
individual E.M.F.s should be as nearly sinusoidal as possible. 
Each of these E.M.F.s has a wave form which is an exact repro- 
duction of the distribution of flux round the air gap, so that the 


Fig. 381. Wave Form or Vottace Drop 


first essential for a good wave form is that this flux distribution 
should be as nearly sinusoidal as possible. There are three methods 
of obtaining this. 

(a) Rounpine on CHAMFERING THE PoLE Facer (Fig. 382). 
This makes the air gap at the middle smaller than at the pole tips. 


—4 
=> 
re 


(A) (B) (C) 


Fie. 383 
Suapzs or ALTERNATOR PoLE SHOES 


| 


Theoretically, the width of the air gap should be a sinusoidal func- 
tion of the angular distance from the centre; but as this is not 
practicable, it is usual to make the radius of curvature of the pole 
face about 0-7 of the air gap radius. 

(b) Skmwine THE Porz Facr. This causes the active length of 
conductor to vary from zero at the pole tip to a maximum at the 
centre. Theoretically, the axial length of the pole face should be 
a sinusoidal function of the angular distance from the pole centre, 
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as in Fig. 383(s). Thisis obviously impracticable, and therefore, the 
rhomboidal shape of Fig. 383(a) is adopted. Generally, the pole face 
is built up of laminations, and to enable stampings of the same 
shape to be used, the pole face is built up of separate packets of 
laminations, as in Fig. 383(c). 


The pole pitch 7 = has where D = diameter. 
Pp 
Let 6 = ratio of pole span to pole pitch, 
*, Distance 7 = aD) (1- B) 
Pp 


and the inclination of the pole edge is given by 


tanger 
x 


An average value for the ratio # is 0-65 to 0-7. 

(c) Usz oF A CYLIN- 
DRICAL ROTOR’ WITH 
DIsTRIBUTED FIELD 

. Wrypine. This method 
is now invariably adopted 
with  turbo-alternators. 

With a salient pole field 

system the flux distribu- 
Flux Density tion is approximately 

rectangular, as in Fig. 
384(4), and it therefore 
possesses @ very pro- 
nounced third harmonic. 
With a distributed field winding and a non-salient pole rotor, as 
in Fig. 384(B), the M.M.F. distribution is stepped as shown dotted. 
Because of fringing, the flux distribution rounds off the corners, 
thus giving a rough sine wave for the flux density. 

8. Elimination of Harmonics by Special Arrangements of the 
Stator Windings. (a) Usz or SEVERAL SLOTS PER POLE PER PHASE. 
If a number of non-sinusoidal E.M.F.s having a small mutual phase 
difference act in series, their resultant will, as shown by Fig 385, 
be much more nearly sinusoidal than the components. Hence, if 
the winding is arranged so that the E.M.F.s in individual con- 
ductors in each phase have a slight phase difference, this will 
diminish the harmonics in the terminal voltage. This is done 
by adopting distributed instead of concentrated windings. 

(6) Taz Usn oF FractionaL Pircw WINpINGS. Generally, 
alternator windings are arranged with a whole number of slots per 


Y j LY | 


(A) 


Fig. 384 


ComPARISON oF SALIENT PoLE AND 
CYLINDRICAL Rorors 
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pole per phase. If the number is fractional, e.g. 34 slots per pole 


per phase, the winding is called a 


“fractional pitch” winding. 


With an ordinary distributed winding, the E.M.F.s in the conductors 
of one group of coils are given a small phase difference, but the 
successive groups occupy identical positions relative to the poles. 


With fractional pitch wind- 
ings, the various groups do 
not occupy identical posi- 
tions with respect to the 
poles, with the result that 
phase differences are pro- 


iy sR a AU EP 
sla thd bad cad ila ll Bin 2) 
He en SA PI Plead a 


duced between groups of 
coils forming one phase, as 
well as between individual 
coil sides. 

(c) Toe Usr oF SuHort 
CHorp Winpines. A “short 
chord” winding is one in 
which the coil width is less 
than the pole pitch. There 
is thus a phase difference _, 
between the E.M.F.s in the 
two coil sides. By the use 
of such coils it is possible to 
eliminate one particular har- - 
monic. Thus, if the dis- 


tance x (Fig 386) is th of 


the pole pitch, then the n*® harmonic will be eliminated, because 
the n*® harmonics in the E.M.F.s in the two coil sides will be 


in phase opposition. 
9. Suppression of Tooth Ripples. As a pole moves past the 


| 
| /| 
BZ 


AMS 
VERN S 


90° 120° 450° 180° 210° 240° 270° 300° 330° 3e0* 
Fie. 385 


Totan E.M.F. Inpucep in a Mottt- 
TURN DISTRIBUTED Coin 


STEP PCL 
Fole | | Pole 


Minimum Reluctance. Maximum Feluctance. 


Fia. 387 
VARIATION IN ArR Garp RELUCTANCE 


Fie. 386 


stator teeth the configuration of the air gap is altered, its reluct- 
ance passing through a series of maximum and minimum values 
as shown in Fig. 387. These variations in reluctance set up a 
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stationary wave of magnetism, one cycle of which corresponds 
to one slot pitch. 


Let a = number of slots per pole. 
.. 2a = number of slots per pair of poles. 


Hence, one pair of poles corresponds to 2a cycles of this stationary 
wave, whereas it only corresponds to one cycle of the fundamental 
E.M.F. The frequency of the stationary wave is therefore 2af. 

Now we have seen that a stationary wave can be split up into 
two travelling components which rotate in opposite directions. 
Hence, their angular velocities relative to the field are— 


(2a + 1) and (2a -1)a, 


w being the synchronous angular velocity. As a result, they set 
up harmonics of frequencies (2a + 1)f and (2a-1)f. 


Examete. If there are three slots per pole per phase a = 9, 
and the harmonics due to tooth ripples are the (2 x 9+ 1)th and 
(2 x 9-1)th, i.e. the 19th and 17th. 

In order to suppress the tooth ripples it is necessary to reduce 
the variations of reluctance of the air gap to a minimum. This 
can be done— 


(a) By making the pole span a whole 


of“ Ye Y number of slot pitches. 
} (6) By employing semi-enclosed or 
i ; _ totally enclosed stator slots, as shown in 
B C. 


Fig. 388. The placing of the windings 


4 een ee in these slots is obviously more difficult 
c. Totally Enclosed than with open slots, and for this reason 
Fig. 388 totally enclosed slots are rarely used 


except for low voltage bar windings, in 
which each slot contains one conducto 
only. 


10. Effect of Wave Form on Iron Losses. (a) Hysterxsts Loss. 
Consider a transformer having a winding of N turns and a core of 
cross section A. 


SHAPES oF SLOTS 


Then instantaneous applied voltage 


do 
” di 


dB 
= NA — 
dt 


.€ dt=NA.dB 


e= N 
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Hence, the half area of the voltage wave (Fig. 389) 


T 
/ bes e.dt 
2 0 


T- man 
Fig. 389 ts wa, dB= NAB naw 
so that § is proportional to B,,g,. But the hysteresis loss 
Wi oc Bas 
* W,, oc §1-6 


Now S is proportional to the average value of the applied voltage, 
and 
oe et 

Form factor 


W E . 1-6 
inlicaile (ro | 


1 1.6 
oF = ac) 


if H,,,is constant. 


A peaked wave has a larger form factor than a sinusoidal wave, 
and consequently gives a smaller hysteresis loss for a sas 
given effective voltage. On the other hand, a flat- ope 
topped wave has a smaller form factor and therefore 
gives a greater hysteresis loss. 


ie 
ta 
' 
a 
tel 
it 


(6) Eppy Current Loss. Let & = resistance of 
a local eddy current path (Fig. 390), and let ¢ be 4. 499 
the voltage acting round the path. Then power in ] 
the path = e?/R. Now e is induced by the voltage H applied to 
the winding, and therefore, ¢,,, is proportional to EH 44,. 


Heno», eddy current loss is proportional to 


Loe. 
a ; ie. to Hy? 


Hence, so long as H,,, is constant, the eddy current loss is constant, 
and is independent of the wave form. 

11. Effect of Wave Form on the Operation of a Synchronous 
Motor or on Two Alternators in Parallel. When two alternators 
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are paralleled on the same bus-bars, their E.M.F.s are in opposition 
with respect to the local path shown dotted in Fig. 276, and there- 
fore, one machine acts as asynchronous motor relative to the other. 
Suppose the two E.M.F.s are sinusoidal, equal in magnitude and 
in exact phase opposition. Then there will be zero current circu- 

lating between the two machines. 


eu wi Suppose now that one wave form 
is sinusoidal, while the other pos- 
sesses a harmonic, say, the third. 


E; nee although the fuueueeee 
: will be in opposition, the harmonic 
eine Epaialent Sie Ware. will have a E.M.F. of the same 
frequency to oppose it, so that it 
Fie. 391 will produce an idle current round 

the local path. 

If both waves possess a harmonic and the wave forms are 
identical, then, if the fundamentals are in phase opposition, so also 
will be the harmonics. Thus, no circulating current either of 
fundamental or harmonic frequency, will flow. 

If both waves possess, say, a third harmonic, but the wave 
forms are not identical, then if the fundamentals are in phase 


Fiq@. 392 


opposition, the harmonics will not be in opposition. They will 
therefore combine to produce an idle circulating current. 

Hence, for satisfactory parallel operation the wave forms of the 
different alternators should be as nearly identical as possible. 
It is for this reason that difficulty is sometimes experienced in 
running alternators of different makes in parallel, and that trouble 
is almost invariably experienced when it is attempted to parallel 
old slow-speed sets with modern turbine-driven sets. 

12. Effect of Wave Form on the Drop in a Transformer. Let R 
and X be the effective resistance and reactance referred to the 
primary. Hence 


Drop = I x VR? + X? 


Split up the actual current wave into its various components and 
also split up the equivalent sine wave as shown in Fig. 391. In the 
latter the components will be of the same amplitude as in the 
former, but their frequencies will be that of the fundamental. 
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The drops produced by the various components can therefore be 
tabulated as follows— 


Drops in Volts. 


Component. [Wa SAD Te We 
Actual Wave. Equivalent Sine Wave. 
Fundamental : a Lee iV RY 2S? I, x VR? + 8S 
3rd harmonic A FS VR? + 9S? rx VR? + S? 
5th harmonic : : I, x VR?+ 2583 I,x VR? + 83 
nth harmonic 5 : Fox VR? + n3S? I hese VR? + S32 


Hence, for a sine wave and a complex wave of the same effective 
value, the complex wave will produce the greater total drop in volts. 

13. Harmonics in a Mesh-connected Alternator. Relative to 
the local circuit round the mesh, as shown dotted in Fig. 392, the 
fundamentals balance one another, their vector sum being zero at 
every instant. Hence, with pure sine waves there will be no cur- 
rent through the windings unless the machine is actually delivering 
load. If a third harmonic is present, or a harmonic whose number 
is a multiple of three, then round the local path these harmonics 
in the three phases of the winding are all in phase with respect to 
this path, as shown by the sine wave diagram. Hence, a parasitic 
current consisting of the harmonics which are multiples of three 
will circulate round the local path. These harmonics will there- 
fore be absent from the current in the line. The terminal voltage 
wave obviously possesses all the harmonics produced in one phase 
of the winding. 

14. Harmonics in a Star-connected Alternator. The line voltage 
is the vector difference of the voltages in the two phases joined to it. 
Now, there is a mutual phase difference of 120° between the funda- 
mental voltages in the three phases, and therefore, the third har- 
monic voltages in the three-phase windings are all in phase, as 
shown in Fig. 393. The vector differences of these harmonics 
taken in pairs are therefore zero. Thus, the harmonics which are 
multiples of three disappear from the line voltage. If a three- 
phase four-wire system is used, or if two alternators working in 
parallel both have their star point earthed, then triple frequency 
currents will flow along the circuit between the star points. For 
this reason, when a number of star-connected alternators are work- 
ing in parallel, it is usual to earth the star point of only one of 
them. 

15. Experimental Determination of Wave Form. It is possible 
to determine the wave form of an alternator by a “ step-by-step ” 
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process, by means of a revolving contact connected to one point of 
the armature winding. This method is now obsolete except for 
instructional purposes, having been superseded by the oscillograph. 
The following description refers to the Duddell oscillograph. This 
instrument is essentially a permanent magnet galvanometer in 
which the moving coil is in the form of a phosphor bronze loop, as 
shown in the scheme of Fig. 394. The loop carries a very light 
mirror M, and tension is applied as shown. This loop has an 
exceptionally small natural period of oscillation of its own (about 
zon to todos Sec.) and therefore, when an alternating current is 


| {tt 
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Fundamentals. 


Tension 


Fie@. 393 Fia. 394 
PrINcIPLE oF DUDDELL OSOILLOGRAPH 


passed through it, it can respond instantly to the changes in 
magnitude of the current. The deflection of the mirror at any 
instant is thus proportional to the instantaneous value of the 
current through the “ vibrator” at that instant. The motion of 
the loop is damped and rendered aperiodic by immersing the loop 
and mirror in an oil bath. It is obvious that if a cinematograph 
film is moved at a uniform speed in a direction at right angles to 
the motion of the beam of light reflected from the mirror, this 
beam being at the same time focused on the film, a photographic 
record of the wave form will be obtained. Very often it is neces- 
sary to visualize the wave form on a screen. To do this it is 
necessary to impart to the beam of light reflected from the mirror 
a motion at right angles, this motion being such that the deflection 
is proportional to the time. To accomplish this the beam is 
reflected from M on to a long rocking mirror N (Fig. 395), and is 
then focused by a cylindrical lens Z on to a screen. The mirror 
N is rocked by means of a face cam C, driven by means of a small 
synchronous motor. It is this motor which gives the deflection 
proportional to the time, since the motor speed is constant and is 
an exact multiple of the speed of the alternator whose wave form 
is required. At the end of one revolution of the cam, the mirror 
N has to be returned very quickly to the starting point, and in 
order not to confuse the diagram, the light during this return 
motion is cut off by means of a vane JV. 

It is usual to provide the oscillograph with two vibrators side 
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by side, so that both current and voltage waves can be determined 
at the same instant. The voltage vibrator is connected in series 
with a high non-inductive resistance, while the current vibrator, 
with a certain amount of series resistance, is connected across a 
non-inductive shunt. It is necessary to be careful in making the 
connections to the vibrators, otherwise the line potential may be 
thrown across the two vibrators, with the consequent danger of 
their sparking across to one another and so being destroyed. 
Fig. 396 shows the correct and incorrect methods of making the 
connections. 


Vibrator S84 Are 


~~ 
~ 
-< 


Fi Volts 
Synchronous a 


- Correct Incorrect 
teal E. Voltage Vibrator. 
Supply Tl. Current Vibrator. 
Fie. 395 Fia. 396 


16. The Cathode-Ray Oscillograph. When a high unidirectional 
P.D. is maintained between two electrodes in a highly evacuated 
tube, a stream of electrons passes from the cathode to the anode. 
As each of these has a negative charge, the stream of electrons is 
equivalent to an electric current, and consequently if a magnetic 
field is applied transversely to the stream, a deflection, whose 
direction is given by the left-hand rule, will take place. If the 
electron stream is brought to a focus at a fluorescent screen then the 
application of the magnetic field will produce a deflection of the 
light spot on the screen. Similarly, if the stream passes between a 
pair of plates between which a P.D. is maintained, a deflection will 
be obtained. In the first case the deflection is proportional to the 
strength of the magnetic field, while in the second case it is pro- 
portional to the strength of the electrostatic field.* If the magnetic 
field is produced by a pair of current-carrying coils placed on either 
side of the tube, then the deflection will be proportional to the 
current. 

The application of alternating currents or P.D.s will result in the 
spot of light being drawn out in a line, and, owing to the very small 
inertia of the electrons, the deflection at any instant will be pro- 
portional to the current, or voltage, at that instant. In other words 
the appliance can be used as an oscillograph. One type of tube is 
illustrated in Fig. 397, from which it will be seen that a pear shape 

* These phenomena are explained at length in physics textbooks; see, for 
example, Electricity and Magnetism for Advanced Students, by Starling. 
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is adopted, the wide end being coated on the inner surface with a 
fluorescent material. 

The cathode is a heated filament C, and the electron stream from 
C first passes through a screen S, and then through an anode disc 
or ‘‘gun.”’ It is the P.D. applied between the gun and the filament 
which produces the electron stream. The screen S protects the 
filament from bombardment by a stream of positive particles 
travelling in the opposite direction to the electron stream. The 
electrons issue from the anode as a fine pencil of rays, and on their 
way to the viewing screen they pass two pairs of deflecting plates 
P,,and P,. The P, plates are a little higher up the tube than the 
P, plates and the planes of the P, plates are perpendicular to those 


Fia. 398 


of the P, plates. The standard connection scheme for the type of 
tube just described is given in Fig. 398, and with it voltage deflec- 
tions can be obtained by applying a P.D. to either the P, or P, 
pairs of plates. Current deflections, as explained previously, are 
produced by passing the current through a pair of coils placed one 
on either side of the tube at about the same level as the deflecting 
lates.* 
° In order to obtain a wave trace, as distinct from a straight line 
on the viewing screen, it is necessary to give the electron stream a 
deflection at right angles, exactly as with the Duddell oscillograph, 
but in this case it must be given electrically and not optically. For 


* See also Cathode-Ray Oscillography, by MacGregor-Morris and Henley. 
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this purpose an auxiliary appliance called the linear time base or 
sweep circuit, is necessary. Fig 399 shows such a circuit. P, is a 
pentode and G@ a gas-filled triode (e.g. a thyratron). P, and P, are 
potential dividers, R, (about 50,000 ohms) is a resistance in the grid 
circuit of the triode, and R, (about 500 ohms) is a limiting resistance 
in its anode circuit. R, (about 2 megohms) and C, (about 2 micro- 
farads) are for the purpose of isolating the D.C. potentials so that 
these do not produce a steady deflection of the spot. 


Fia. 399 


The action of the circuit is as follows: when the D.C. supply is 
first switched on, the condenser C, (or C,) acts momentarily as a 
short-circuit, and the full D.C. voltage is applied to the pentode. 
C, charges (at almost constant current, due to the shape of the anode 
current-anode volts characteristic of the pentode) and the voltage 
across it rises until it is sufficient for the triode G to discharge. The 
voltage required for discharge depends upon the grid bias of G, 
and is therefore controlled by the potential divider P,. Again, the 
charging current of C, depends upon the grid bias of the pentode 
and is controlled by the potential divider P,. Now the rate of sweep 
on the oscillograph obviously depends ypon the rate of increase of 
voltage across the time-base pair of daterine plates, i.e. upon the 
rate of increase of the voltage across C,. Let this rate of increase 


be dv/dt, then 

dv _ ¢(2)- 1 dQ + 

dt dt\C, O, dtl: O, 
where @ is the quantity of electricity supplied to C, and 1 is the 
charging current. Since 7 is constant, the rate of sweep is constant 
and therefore the time base is linear. 

The rate of sweep can be controlled by P, and the amplitude of 

the sweep by P,. The condensers C, and C, are of the order of 1 
microfarad and 0-1 microfarad respectively. 
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In order to enable the sweep circuit to remain in synchronism 
with the voltage or current under examination, a synchronizing 
branch circuit consisting of OC, (about 0-1 microfarad) and R, 
(about 2 megohms) is added. This enables the sweep frequency to 
be locked to some sub-multiple of the test frequency, by applying 
to the grid circuit of the triode a small alternating voltage of this 
frequency. 

17. Effect of Harmonics on the Form of the Rotating Field Pro- 
duced by a Three-phase Winding. We have seen that the third 
harmonics neutralize one another, and we will therefore determine 
the effect of the fifth and seventh. The instantaneous E.M.F. in 
Phase I can be represented by the expression 

¢, = HL, sin wt + E, sin (wt - 75) + LE, sin (wt - gy) 
neglecting harmonics of orders higher than the seventh, and neglect- 
ing the third for the reason just stated. Hence, for the instantaneous 
E.M.F.s in Phases II and III, we have 
€2 = H, sin (wt-120°) + HE, sin 5(wt- y; —- 120°) 
+ H, sin 7(wt -— y, - 120°) 
e; = EH, sin (wt- 240°) + H, sin 5(wt—- —y, -~ 240°) 
+ H, sin 7(wt — py, — 240°) 
Now sin 5(wt — y; — 120°) = sin {5(wt — y;) — 240°} 
sin 7(wt — py, — 120°) = sin {7(wt — pz) — 120} 
sin 5(wt — py, — 240°) = sin {5(wt — g;) — 1209 
sin 7(wt — y, — 240°) = sin {7(wt — gy) — 240°} 
“. & = E,sinwt + H, sin (wt — ¢;) + £, sin (wt - ¢,) 
é, = H, sin (wt-120) + H; sin {5(wt— —;) — 240°} 
+ H, sin {7(wt — pz) — 120% 
es = H, sin (wt- 240) + #;, sin {5(wt—- ¢;) — 120°} 
+ H, sin {7(wt — p,) — 240°} 
The sequence of the phase angles for the fundamental voltages in 
the three phases is 0°, 120°, and 240°. The sequence of the seventh 
harmonics is also 0°, 120°, and 240°, showing that the phase rotation 
of the seventh harmonics is the same as that of the fundamentals. 
On the other hand, the sequence of the phase angles for the fifth 
harmonic voltages in the three phases is 0°, 240°, and 120°. Hence, 
the phase rotation of this harmonic is opposite to that of the funda- 
mental, and the seventh harmonic. The effect of this from the 
practical point of view has already been considered on page 347 in 
connection with the starting of squirrel-cage induction motors. 
EXAMPLES ON CHAPTER XXIII. 

(1) An alternating voltage given by 100 sin 314¢ + 10 sin 1,570¢ is applied 
to the terminals of a condenser having a capacity of 1 microfarad. Find the 
expression for the current flowing through the condenser. (C. and G.) 


Ans.—:0314 cos 314¢ + -0157 cos 1,570. 
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(2) Calculate the form factor of a triangular wave. If a sinusoidal voltage 
and then a triangular voltage wave are applied in turn to a transformer, the 
effective values and frequencies being the same, calculate the ratio of the 
hysteresis losses. 

Ans.—Form factor = 1-15. Hysteresis loss with triangular wave is 
0-94 of loss with sinusoidal wave. 


(3) An electromotive force, e = 2,000 sin wt + 400 sin 3wt + 100 sin 5wt, 
is applied to a circuit consisting of a resistance of 10 ohms, a variable 
inductance, and a capacity of 30 microfarads arranged in series with a hot 
wire ammeter. Find the value of the inductance which will give resonance 
with the triple frequency component of the pressure; and estimate the 
readings on the ammeter and on a hot wire voltmeter connected across the 
supply when resonant conditions exist. w = 300. (London Univ., 1922.) 


Ans.—:041 henry ; 1,440 volts ; 31-6 amp. 


(4) A current of 50 frequency, containing first, third, and fifth harmonics 
of crest values 100, 15, and 12 amp. respectively, is sent through an ammeter 
and an inductive coil of negligibly small losses. A voltmeter connected to 
the terminals shows 75 volts. What will be the current indicated on the 
ammeter, and what is the exact value of the inductance of the coil expressed 
in henrys? (C. and G., 1918.) 

Ans.—-0027 henry ; 72 amp. 


(5) A condenser of 1-5 microfarads capacity is supplied with a voltage 
having a wave form e = 1000 sin pt + 350 sin 3pt + 270 sin Spt, the fre- 
quency being 80 per second. Calculate the current taken as measured on 
an ammeter. If energy is being taken from the supply circuit at the same 
time, how do the harmonics affect the power factor ? (London Univ., 1911.) 


Ans.—1-06 amp. 


(6) The wave-form of an alternator is found to differ from that of a pure 
sine function. Assuming this to remain unchanged, show how to calculate 
the wave-form of the current which the alternator would send (a) into a 
condenser, (6) through a choking coil. (London Univ., 1908.) 


(7) A voltage represented by e = 500 sin wt + 10 sin 5wt, is applied to a 
circuit containing 1 ohm, 1 henry, and ; microfarad in series. Find the 
frequency for resonance with the 5th harmonic, and plot the voltage and 
current waves. 

Ans.— 159. 


(8) The connection between the magnetizing current and the flux for a 
particular alternating-current electromagnet is shown by the following table, 
which gives values for one-half of the magnetization loop, the complete loop 
showing the usual symmetry with respect to the axes— : 


Flux (kilolines). . 0 30 75 120 150 179 176 165 1388 102 60 0 
Magnetizing current 
(amp.) . . . 5:5 6-25 8 10:514:2520-513-568 0 -3-4:5 -5-5 


Plot the loop on squared paper, and by its aid deduce and plot the wave- 
form of the magnetizing current when the flux follows a sine law, the ampli- 
tude of the flux being equal to the maximum value of the flux in the above 
magnetization loop. (London Univ., 1921.) 

(9) Estimate the r.m.s. value of an alternating current of irregular wave 
shape in terms of the magnitudes of the fundamental component and the 
harmonics. 

An alternating pressure is represented by v = 1,000 sin wt + 250 sin 3wt 
+ 200 sin 5wi. Estimate the reading which will be given by an electrostatic 
voltmeter connected to the circuit. (London Univ., 1924.) 

Ans.—1742 volts. 


CHAPTER XXIV 
PHASE ADVANCING 


1. THE power factors of the great majority of commercial loads 
are considerably less than unity. This is mainly because the 
induction motor is the most widely used of the various alternating- 
current motors, and this motor works at less than unity power 
factor, because of the wattless magnetizing current it draws from 
the line. Similarly, all transformers take a wattless magnetizing 
current. Electric lamps work practically at unity power factor, 
and therefore a system supplying a lighting load works at a much 
better power factor than one supplying power. 

Rough average values for power factors under different conditions 
are as follows— 


(a) System supplying lighting load only eg i rat 5 . 0-9-0-95 
(6) System supplying lighting and power, with the former 
predominating : - ‘ : 5 ~~. 0-8-0-85 
(c) System supplying lighting and power, with the latter 
predominating : 6 6 i A : 0-75 
(4d) System supplying power only = 3 ; s 0-65-0:7 
(e) Single-phase system supplying power only . : - 0-4-0-5 


2. The Disadvantages of a Poor Power Factor. 

(2) The amount of true power is less than the kVA capacity 
of the central station, with the result that, although the generators 
may be fully loaded from the point of view of current output, and 
therefore, of temperature rise, they will not be delivering their full 
load of true power. The same applies to the cables. Therefore, 
if the power factor can be increased, the earning capacity of the 
system will be increased, without installing any new plant. Thus, 
if the power factor is raised from 0-6 to 0-9, the earning capacity 
will be increased 50 per cent. 

(6) In addition to the earning capacity of the system being 
lowered by their presence, wattless kVA actually cost something 
to produce. From the examination of the data of running costs 
for a large number of Italian stations, Professor Arno has deduced 
the following expression for the running costs of a station 


t 
Cost = constant x af é kW + + KVA )a 


where ¢ is the time. It will be seen that the cost has two com- 
ponents. One, the cost of the true energy (kilowatt-hours) delivered, 
and the other, the cost of the kilovolt-ampere-hours. 
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(c) A poor power factor causes a large drop of volts in the alter- 
nators, partly because of the armature synchronous reactance, 
and partly because of the demagnetizing effect of armature reaction. 
As a result the excitation on low power factors has to be much 
greater than on high power factors, in order that the terminal 
voltage may be maintained at the proper value. This necessitates 
larger exciters. In some cases when the power factor of the 
system has been lower than anticipated when ordering the alter- 
nators, the necessary overloading of the exciters and consequent 
overheating of the alternator field have caused serious trouble, and 
this in spite of the fact that the alternators were not delivering 
their maximum possible load of true power. 

(d) The voltage regulation of the transmission line is also very 
bad, with the result that expensive appliances may have to be 
used in order to keep up the voltage at the far end of the line. 
This is specially important on circuits supplying induction motors, 
since the torque of these motors is proportional to the square of 
the applied voltage, and therefore, if there is a large sudden fall 
in voltage, the motors may fall out of step. 

3. Methods of Obtaining a Good Power Factor. The obvious 
method is to use, whenever possible, apparatus which has a good 
power factor. This is only possible with synchronous motors and 
rotary converters in which any desired power factor can be obtained 
by adjustment of the excitation, or with compensated induction 
motors of the types described in Chapter XXII. 

A second method is to attempt to raise the power factor of the 
system as a whole by installing phase-advancing apparatus either 
at the power station or across the transmission line near the load 
centre. The latter is obviously the better place, since it relieves 
both generators and transmission line, whereas in the former only 
the generators are relieved. In such a case it is usual to use an 
over-excited synchronous motor for the phase advancer, in which 
capacity it is generally called a ‘“‘ synchronous condenser.” It 
should be noted that the cost of these machines is so high that, as 
a rule, it is not possible to relieve a great amount of wattless 
kVA by this method, the main object of installing the motor 
being to improve the voltage regulation of the system. The motor 
can, of course, be used to do a certain amount of mechanical work, 
such as driving a D.C. generator in a sub-station, but in such a case 
it cannot be worked at such a low leading power factor as when 
it is running on no load. Hence, if the synchronous motor is to 
be of the greatest amount of benefit to the system, from the point 
of view of improving the power factor and voltage regulation, it 
must be run idle. } 

A method of keeping the voltage constant at the receiving end 
of a transmission line is to connect an idle-running synchronous 
motor across the line at that end, and to have automatic regulation 
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of the excitation in such a way that with full load in the line, the 
excitation is a maximum, and with the line unloaded the excita- 
tion is a minimum. Hence, with the line fully loaded, the motor 
delivers the maximum kVA of leading current and _ thereby 
compensates for the lagging current taken by the load, this cur- 
rent being the main cause of the drop of voltage in an A.C. trans- 
mission line. When the line is unloaded the motor draws wattless 
lagging kVA from it, thus preventing the lme voltage from rising. 

Synchronous motors used for power factor correction have a 
much smaller air gap than A.C. generators, in order to give the 
maximum kVA rating for a given-sized frame. These motors 
are not a commercial proposition for a small amount of kVA 
correction, so that they are only used to improve the power factor 
of a system as a whole, or of a large capacity industrial installa- 
tion. They are thus never used to correct the power factor of 
individual induction motors. 

A third method is to correct the power factor of individual 
motors. In such a case, large motors are usually supplied with 
their own phase advancer, whereas a group of small motors can be 
looked after by installing a battery of static condensers across the 
supply terminals. Modern condensers used for this service are 
very efficient, the dielectric losses in them being less than 0-5 per 
cent of the kVA capacity of the condenser. Very little error is 
therefore made by assuming that they take a current which leads 
the applied voltage by exactly 90°: 

4. Use of Condensers. The wattless current of the motor per 
phase is I sing. Hence, if a bank of condensers is connected 
across the motor terminals, the capacities being such that they 
take from the line a current of IJ sin p per phase, the line will work 
at unity power factor when the motor current per phase is I. 
For motor currents less than J, the line will be over-compensated. 

5. Advantage of Phase Advancers. In the plain induction 
motor the magnetizing current is taken in at the stator, and it is 
therefore of line frequency. Suppose the magnetizing current 
could be supplied through the rotor; then it would be a slip fre- 
quency instead of a line frequency current, and the necessary 
kVA would be very considerably reduced. 

For example, if a motor takes 20 kVA of wattless current 
when operating in the ordinary way, it will, with a slip of, say, 
2 per cent, take only 0-4 kVA of wattless current when the 
magnetizing current is supplied through the rotor. The voltage 
required is also very small because of the low frequency.* 

6. The Kapp Vibrator. This consists essentially of three small 
motors whose fields are separately excited from an auxiliary D.C. 
supply, and whose armatures are connected in the rotor circuit of 

* Figs. 369 and 371 refer to induction motors provided with external phase 
advancers of the expedor and susceptor type respectively. 
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the induction motor. The armatures thus carry the low-frequency 
currents induced in the rotor circuit, with the result that instead 
of rotating continuously they oscillate backwards and forwards 
with slip frequency. The rotor currents of large induction motors 
are very large and therefore the vibrator commutators are very 
large compared with the size of the armatures. The current per 
commutator, and therefore the size of the commutator, is made as 
small as possible by mesh-connecting the armatures, since with 


D.C Supoty 


ViBRaAToR FieLo WINDINGS 


Stip RINGS 


Fie. 400 
Di1aGRAM OF CONNECTION FOR Karr VIBRATOR 


this connection the armature current is 1/4/3 of the current taken 
from each slip ring of the rotor. The scheme of connections is 
shown in Fig. 400. The vibrator is permanently in the rotor 
circuit, the motor being started up in the ordinary by the way 
three phase starter. 

Since the flux is constant and not alternating, the torque on a 
vibrator armature is proportional to the armature current and in 
phase with the current. The torque is thus an alternating one 
and, because of the inertia of the armature, the angular speed lags 
90° behind the torque, and therefore, 90° behind the current. The 
E.M.F. induced in the armature is also an alternating one, is zero 
when the speed is zero, and a maximum when the speed is a 
maximum. Actually, it is in phase opposition to the speed, that 
is, in quadrature leading, to the current. The reason is as follows. 
When the armature speed is increasing, power must be received 
by the vibrator in order to overcome the inertia. The vibrator 
can thus be regarded as motoring during this period, so that the 
E.M.F. induced in it must be a back E.M.F., i.e. opposite to the 
current. This condition is only fulfilled when the induced E.M.F. 
wave leads the current wave, as can easily be seen by reference to 
Fig. 401. The vibrator thus injects a leading E.M.F. into the 
rotor circuit, thus providing the necessary power factor correction. 
It will be seen that no mechanical power is supplied to the vibrator, 
and therefore, when the armatures are accelerating, electrical energy 
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is taken from the induction motor rotor, whereas when they are 
decelerating, electrical energy is returned to the rotor. The 
power curve is a sine function of twice the frequency of the current 
or E.M.F., its average value being zero, exactly as in any electric 
circuit in which the current and E.M.F. are in quadrature. This 
shows that power is alternately taken from and returned to the 
rotor by the armatures of the vibrator. 

When a phase advancer is connected in the rotor circuit of an 
induction motor, there are slight modifications made in the per- 
formance characteristics of the motor. Thus, the rotor copper loss 


Fia. 401 
PHasE RELatTIons OBTAINING WITH Kapp VIBRATOR 
= Current. V = Speed. e=em.f. W = Power output. 


is increased, but on the other hand the stator copper loss is reduced, 
because the stator no longer carries the magnetizing current. 
There are also small losses in the phase advancer itself, the net 
result being a diminution in overall efficiency of perhaps 0-5 or 
1-0 per cent. An important advantage is that the pull-out torque 
is increased. The effect on the slip depends upon the type of 
advancer used. The vibrator type increases the slip somewhat, 


Power Factor. 


LoGives lic. obia. LAA = eee | 
Without Vibrator. With Vibrator. 
4 0-6 0:95 
3 0:77 1-0 
R 0-85 1-0 
Full 0:88 1-0 


lk 0-85 1-0 
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but as the slip of a large motor is exceptionally small, this is not 
very important. Certain advancers with rotating armatures can 
be arranged actually to reduce the slip. 

The improvement in power factor effected by phase advancing 
is illustrated by the data on previous page for a 330h.p. motor 
equipped with a Kapp vibrator.* 

7. Economical Limit of Power Factor Correction. Although it is 
desirable to increase the power factor of a large motor or of the 
whole system to unity, from the point of view of the electrical 
operation of the system, it is not always a commercial proposition 
to do so. The maximum value to which the power factor can be 
economically raised depends upon the relative costs of generating 
and advancing plant. 

Consider a system supplying a current per phase of J; let the 
original angle of lag be g, and let this be reduced by the use of 
phase-advancing apparatus to g,. The 
vector diagram is shown in Fig. 402. 
Let the plant capacity in kVA be P. 
Then by power factor correction the true 
power of the system is raised from P cos 
gy, to P cos dz. 

.. Gain in true power = P (cos 9, 
— COS 9;) kW. 

The wattless KVA are reduced from 
P sin g, to P sin g,, so that the kVA 
Fia. 402 capacity of the phase-advancing plant 
must be equal to P(sin q, -sin 9) 
If the true power of the system were increased the same amount 
by installing extra generating plant, cables, etc., at a total cost 
of £a per kVA, the necessary expenditure would be 


£{aP(cos y,— cos g;)} + cos g, t 
If the true power were increased by installing phase-advancing 
apparatus at £b per kVA, the necessary expenditure would be 


£{bP(sin p, - sin p,)}t 
Hence, for economical correction, the value of the new angle of 
lag y, is given by the expression** 


£{bP(sin y,— sin p2)} < £{aP(cos y,- cos y,)} + cos gy, 
“bug COS P_—COS Yy 
@ (sin gy — sin @,) cos g, 


* For other types of phase advancer, see Walker, loc. cit., or Behrend, loc. cit. 
Au Assuming that the extra plant would work at the original power factor 
of cos ,. : 
{ It is here assumed for simplicity that the whole of the kVA intake of - 
the phase advancer is wattless leading, as for example in the case of condensers. 
** See also Bolton, Electrical Engineering Economics. 


PHASE ADVANCING 481 


8. In order to illustrate the method of calculating the necessary 
advancer capacity to bring about a given amount of power factor 
correction, or, conversely, the change in power factor and true 
power effected by installing a given advancer capacity, it is 
advisable to take a numerical example. 

Example. The load on the mains of a single-phase alternate-current supply 
system is 100 kW, at a power factor of 0-71, the current lagging behind the 
voltage. If phase-advancing apparatus is available for parallel connection, 
taking leading current at a power factor of 0-1, what must be its load in 
kVA if the power factor of the whole system is to be raised to (a) 0-8, (6) 0-9 
and (c) 0-95? (London Univ., 1915.) 

Since the methods of calculation for all three parts are 
the same, consider only part (a). The vector diagram 
is shown in Fig. 403. Assume a line voltage, say, 1,000 
for convenience. The original current I, 
supplied to the load is represented by 
OA, its magnitude being 


pe 100,000 
* 1,000 cos 9, 


The angle y, is very nearly 45°. The 
phase advancer will take a current OC 
leading H by an angle g,, where cos g, 
= 0-1, ie. gp, = 84° approx. The re- 
sultant of OA and OC, namely, OB, gives 
the total line current after installing 
phase-advancing apparatus, and we know Fie. 403 

that the angle is given by cos mp = 08. 

Hence, y = 37° approx. We thus have for the angles at O, A, 
and B of the triangle OAB, 8°, 51°, and 121°; and we have 


AB _ sin8° 
et 1G 
OA sin 121° 

., Advancer current, OC = AB = 141 x -162 = 23 amp. approx. 


As we have assumed a line voltage of 1,000, the K.V.A. capacity 
of the advancer will be 


1,000 x 23 _ 9 
1,000 
Similarly for parts (b) and (c). 

9. In paragraph 7 the capacity of the phase-advancing plant was 
deduced on the basis of constant current in the line, this method 
being called the constant kVA method. If condensers are used and 
no additional load is put on the system, the line current J, after 
correction will be less than the line current J, before correction. 
But as both currents have the same component in phase with H the 
_ power is the same both before and after correction, the method thus 


= 14] amp. 
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being called the constant power method. Referring to Fig. 404, 
the wattless current before correction is 

AD = I, sin 9, 
and after correction is 

BD = I,8in P-, 
, Necessary wattless leading current to increase the power factor 
from cos y, to Cos go, at constant power 


I, = AB = ({,8in 9, — 1, sin Pq) 


Fie. 404 
Again, I, cos Pg = 1, cos gy, 
, PY 5 COS 
te Sa ag Pe 


.. I, = (1, 8in ¢, — J, cos ¢, tan po) 


The kVA of power-factor correcting plant is therefore given in this 
case by 
P(sin gy, — cos g, tan Pp) 


EXAMPLES ON CHAPTER XXIV. 


(1) What are the disadvantages of a poor power factor in an alternating- 
current system? A single phase motor takes 20 amp. at 200 volts at a power 
factor of 0°8. Calculate the capacity of the condenser which, when shunted 
across the motor terminals, will bring the line current into phase with the 
voltage. Frequency of supply, 50. 

Ans.—192 mf. 


(2) Explain clearly the action of the reactive component in a synchronous 
machine. A slow-speed alternator, and a turbo-alternator working in parallel 
supply 2,500 kW at a power factor of 0-8. If the turbo-alternator gives 
1,000 kW at unity power factor, at what power factor must the slow-speed 
machine be working? (C. and G., 1921.) 

Ans.—0:625. 


(3) Explain, by means of vectors, how an over-excited rotary convertor 
can compensate for a lagging power factor. A generating station supplies 
power for the following: Lighting 100 kW, induction motor of 400 h.p. 
having a power factor of 0-8 and efficiency 0-93, a rotary convertor giving 
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1,000 amp. at 500 volts at an efficiency of 0-94. What must be the power 
factor of the rotary convertor in order that the power factor at the supply 
station may be unity? (C. and G., 1921.) 

Ans.—0:91 leading. 


(4) Define the term “power factor”? as applied to alternating-current 
circuits. What power factor does one usually find for the following: (a) A 
water resistance, (6) the primary current of an alternating-current trans- 
former when the secondary is unloaded, (c) a hand-feed alternating-current 
arc? Illustrate each case by means of a rectangular co-ordinate diagram 
of wave forms. Assume the wave of the alternator electromotive force to 
be sinusoidal. 


(5) A central station of 1,000 kVA capacity supplies a load whose power 
factor is 0-8. How many wattless leading kVA must be supplied by 
phase-advancing apparatus in order to raise the power factor of the station 
to 0-95: (a) the true power supplied by the station remaining constant, 
(6) the kVA supplied by the station remaining constant. 


Ans.—(a) 336; (b) 400. 


(6) Describe a type of condenser used to compensate for lagging currents 
in a power supply system. A 2,000 volt, 50 cycle motor installation has a 
maximum load of 300kVA at a power factor of 0-6. Calculate the 
capacity of a condenser to raise the power factor to 0-95 at maximum load. 
What will the power factor be when the load is halved? (C. and G., 1922.) 


Ans.—Assuming a three-phase system with the condensers delta- 
connected, capacity per phase = 48 mf. Power factor at half-load, 0-83 
leading. 


(7) Explain, by means of the vector diagram of the motor, why it is that 
an over-excited synchronous motor cannot supply so much wattless leading 
kVA when it is doing mechanical work as when it is running idle. 


(8) What methods would you recommend for the improvement of the 
power factor of (a)-a central station and cable network, (b) a large induction 
motor, (c) a group of small motors? Give reasons for the various methods 
adopted. 


(9) A central station is working at a power factor of 0-7. Deduce an 
expression for the necessary reduction in wattless kVA to improve the 
power factor to any given value. Hence, plot a curve with values of the 
reduction as ordinates against the new power factor as abscissae. Draw 
conclusions from the shape of the curve. 
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CHAPTER XXV 
ELECTRICAL MEASURING INSTRUMENTS 


1. Classification. Measuring instruments are conveniently 
classified in terms of the principles upon which they work. 


(a) Electromagnetic moving-iron instruments. 

(6) Electromagnetic moving-coil instruments. 

(c) Electromagnetic dynamometer type instruments. 
(d) Hot-wire instruments. 

(e) Electrostatic instruments. 


In addition to these there are the shaded pole and rotating 
field instruments, the latter having been described previously, and 
which are suitable for alternating-current measurements only. The 
voltameter, which depends upon the chemical effect of the current, 
can hardly be regarded as a measuring instrument. 

Instruments can be sub-classified according to the nature of the 
control on the moving system. In deflectional instruments the 
usual forms of control are— 


(a) Gravity. 

(6) Torsion of a spiral spring. 

In ampere-hour and watt-hour meters, the moving system rotates 
at a speed proportional to the current or power respectively, and 
the control here takes the form of electromagnetic braking pro- 
duced by the rotation of an aluminium disc between the poles of a 
permanent magnet. . 

The best deflectional instruments are very dead-beat, this pro- 
perty being obtained by the addition, if necessary, of a damping 
device. The methods adopted are— 

(a) Air friction. 

(b) Eddy currents 

(c) Viscosity of liquids. 

2. Moving-Iron Instruments. A typical instrument of this type 
is illustrated in Fig. 405. It consists of a coil W wound on a brass 
bobbin B, inside which two strips of soft iron M and F are set 
axially. FF is fixed, but J is attached to the spindle S, which also 
carries the pointer P. Gravity control is used, the instrument 
being set so that when no current is flowing through W the pointer 
is at the zero and the iron strips M and F are almost touching. 
On passing current through W the two strips are magnetized in 
the same direction and therefore repel each other. The torque 
set up produces a deflection of the moving system and therefore 
brings into play a restoring torque due to gravity. The moving 
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system comes to rest in such a position that the deflecting and 
restoring torques are equal. With this class of instrument air 
damping is almost invariably used, being provided by the movement 
of a piston P, in a cylindrical air chamber A. 

Ammeters of this type have a coil wound with wire or strip of 
cross section suitable to the current to be carried, while voltmeters 
are wound with a large number of turns of fine wire. The number 
of ampere-turns required to produce a full scale deflection is 
about 300. 


Movine Sort-Iron AMMETER 


These instruments can be used for either direct or alternating: 
current measurements. They are liable to errors due to three 
different causes. 


(a) Hysteresis. 
(6) Stray magnetic fields. 
(c) Changes in resistance of the coil due to temperature changes. 


The effect of hysteresis is to make the readings with falling current 
higher than with rising current, and also, to produce a small defiec- 
tion when the current is again zero, because of retained magnetism. 

The instrument can be largely screened from the effect of stray 
fields by the use of a cast-iron case, but this must be arranged so 
that the minimum flux from the moving iron can pass through the 
case, otherwise the hysteresis effect will be considerably increased. 
The error due to the third cause, which only applies to voltmeters, 
could be eliminated by using wire of negligible temperature co- 
efficient, such as manganin, but such a coil would become very hot 
because of its high resistance and the small radiating surface. As 
a compromise, a coil of copper wire in series with a manganin series 
resistance is commonly used. 

Recently a new iron called mumetal has been adopted for the 
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construction of moving-iron instruments; its hysteresis loss is so 
very small that this type of instrument can now be manufactured 
in the form of a precision instrument. It is equally accurate on 
direct- and alternating-current circuits, and for many purposes is 
replacing the more expensive moving-coil type. 

In the instrument just described, the deflecting torque is pro- 
portional to the square of the flux density B, and if B were strictly 
proportional to the current the instrument would indicate the 
R.M.S. current (or voltage) on the scale used for direct current 
working. Actually, B is not proportional to J, and it is necessary 
to calibrate the scale if the instrument is to be used for both alter- 
nating- and direct-current work. Again, in the case of a volt- 
meter, the impedance of the coil to an alternating current is greater 
than its ohmic resistance, so that 
if correct with direct current, the 
instrument will read low with 
alternating current. This error , 
can be made very small by using 
a non-inductive series resistance 
of several times the resistance of 
the coil. 

The scales of these instruments 
are uneven, being very crowded 
near the zero. Readings below {, 
of the maximum are therefore 
very unreliable, in fact, according 
to the specification of the 
Engineering Standards Com- 
mittee, the useful range only 
commences at } of the maximum. 

3. Moving-Coil Permanent Mag- 
net Instruments. These consist : 
essentially of a permanent magnet Fre. 406 
with soft-iron pole pieces, between MERE Cakes once 
which a cylindrical iron core is Micwen TnerRo Meee 
mounted. A rectangular coil of 
fine wire is suspended so that it can rotate in the two air gaps 
between the pole pieces and core, and current is led into and 
out of the coil through two phosphor-bronze hair springs, as shown 
in Fig. 406. These springs also provide the controlling torque. 
When the coil carries current a deflecting torque is set up, pro- 
portional to the product of the current and the strength of the 
magnetic field in the air gap. In ordinary instruments the total 
deflection is only about 60°, in order that the coil sides may be 
always in a field of uniform strength. From this it follows that 
since the restoring torque due to the springs is proportional to the 
deflection, the deflection is strictly proportional to the current in 


Pole Piece 
Magnet 
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the coil. Hence, the scale is uniform. Damping is provided by 
winding the coil on a copper or aluminium frame. ‘ 
When used as a voltmeter the coil is connected in series with a 
series resistance, but when used as an ammeter it is connected 
across a shunt. 
In the Record instrument, modifications are made which enable 
a uniform scale of angular extent 270° to be obtained. It will be 
seen from Fig. 407 that the air gaps are magnetically in parallel 
instead of in series as Spindle 
in the ordinary con- = Fointer pir Gaps | Pole Pieces 


struction, and that aalig 
> || : So 
4 (ae 
yy = Permanent Magnet 


the coil is pivoted at 
one side, the working 
sides of the coil being 
horizontal. 

Moving-coil perman- 
ent magnet instru- 
ments can be used 
only for direct current 
measurements. 

4. Dynamometer Instruments. The . classical examples of this 
type of instrument are the old Siemen’s dynamometer and the 
Kelvin ampere-balance. Except for standard instruments, such 
as the Kelvin balance, the dynamometer principle is confined 
mainly to wattmeters. The instrument consists of a fine wire 
moving coil which can rotate in the magnetic field produced by 
a second fixed coil. It is usual to divide the fixed coil into two 
halves as shown in Fig. 408. Since there is no iron, the field 


strength is proportional to the 
current in the fixed coil, and 
therefore, the deflecting torque is 
proportional to the product of 
the currents in the fixed and 
moving coils. When used as a 
wattmeter the fixed coil is the 
current coil, and the moving coil, 


the pressure coil, the current in 


Fia 407 
Lone Scare INSTRUMENT 


Fig. 408 the latter being therefore propor- 
ARRANGEMENT OF DyNAMOMETER tional to the voltage applied. 
INSTRUMENT Hence, the deflecting torque is 


proportional to the product of 

voltage and current, i.e. the power. Also, the restoring torque, 

which is provided by spiral springs, is proportional to the deflec- 

tion, from which it follows that the deflection is proportional to 

the power. The theory of the instrument for alternating-current 
working is explained in Chapter XIV. 

Air damping is often provided, the device consisting of two light 
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vanes mounted on the spindle and moving in a double sector- 
shaped box. 

When used as a wattmeter the dynamometer instrument has a 
uniform scale, but if used as an ammeter or a voltmeter the scale 
is not uniform. This is because the field of the fixed coil is 
proportional to the current (or voltage) to be measured, the deflecting 
torque therefore being proportional to the square of current (or 
voltage). When used as an ammeter there is of necessity a much 
larger drop of volts in the instrument than in an ammeter of one of 
other types, and this is a disadvantage. The small ratio of torque 
to weight of moving part, as compared with instruments using iron, 
is also a disadvantage. 

5. Hot-Wire Instruments. These instruments depend upon the 
increase in length of a wire when traversed by a current due to the 
heating effect. Consider a wire of initial length 7, and final length 
I, traversed by a current J. Let its final radius be r. Then rate 
of generation of heat in calories per second 


=PRXOM=s=Px Pay om . 2... 
717 : 


If ¢ is the rise of temperature, and k, the coefficient of emissivity, 
then rate of radiation of heat 
(2) 


= 2Qarl okt . . . 


Expressions (1) and (2) are equal when the wire has attained its 
final temperature. Hence 


Qarlakt = I? x Plt x 0-24 
Tr 


Again, if a is the coefficient of linear expansion the increase in 
length 


él = al,t 
apn Pal 27S a 19 Aye 
<., OF i + oa X 


where A is a constant. Thus, the increase in length of the wire 
is proportional to the square of the current. 
The mechanism for taking up this increase in length and thus 
indicating the current is illustrated in Fig. 409. The hot wire W, 
16cm. of platinum-silver, is stretched between a fixed point A 
and a tension-adjusting screw B, and a second wire W, of phosphor- 
bronze is attached to W and to a fixed point D. Any sag in W 
causes slack in W,, and this is taken up by a fibre C attached to a 
spring 8S. The fibre passes round a pulley # to which the pointer 
P is attached, a very small extension of the wire W being thus 
greatly magnified and conveyed to the pointer. Eddy current 
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damping is provided by a light aluminium dise L, which moves 
between the poles of a permanent magnet M. 

These instruments can be used for direct- or alternating-current 
measurements, and they possess the advantage that the deflection 
depends only upon the R.M.S. value of the current through the 
wire. It is independent of wave-form and frequency. Their dis- 
advantages are that they are fragile; the zero position often requires 
adjustment; and the power absorbed is high. Thus, to produce a 


Fie. 409 
Hor Wire VOLTMETER 


full-scale deflection a current of 0-2 amp. is required. They are 
also very sluggish in action. ' 

6. Electrostatic Voltmeter. The principle of this instrument is 
the force of attraction between two bodies, between which a potential 
difference is maintained. In the Kelvin instrument the fixed 
system consists of a cellular structure composed of two sets of 
triangular metal plates F (Fig. 410) fixed to brass supports B. 
The moving system consists of a corresponding number of aluminium 
vanes M, mounted on a spindle and suspended by a phosphor- 
bronze wire W. The upper end of this wire is connected to an 
elliptical spring S which is mounted on a torsion head H, the 
object of which is to provide a zero adjustment. £ is a safety 
sleeve which comes in contact with a stop G in the event of any 
sudden jerk which would otherwise tend to break the suspension. 
The controlling torque is supplied by the torsion in the wire W 
when the vanes are deflected from the zero position, and the 
damping is supplied by a vane V immersed in an oil bath O. 

The range of an electrostatic voltmeter can be increased by 
using a number of condensers in series as a potential slide and 
connecting the voltmeter across one condenser. Thus, if three 
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equal condensers A, B, and C (Fig. 411) are connected across the 
points MM whose P.D. is required, the voltage across one con- 
denser will be one-third the required P.D. A voltmeter V reading 
up to one-third the required P.D. can thus be used, since three 
times its reading will give the P.D. across MM. It is to be noticed 
that the voltmeter itself is a condenser, and therefore, the capacities 
of A, B, and C must be large compared with that of V. 

7. Integrating Instruments. These instruments, usually called 
“meters,” are of two classes: (4) Ampere-hour and (b) watt-hour 
meters. The former measure the quantity of electricity which has 
passed, but when used on constant potential circuits they can be 
calibrated to read directly in terms of energy. The watt-hour 
meters are true energy meters. 

The specifications of the Engineering Standards Committee for 
the maximum permissible errors in electricity meters are as follow— 

For meters up to 1:25 kW capacity, an error of + 5 per cent 
at sz, full load, and + 2 per cent from full load down to +; load. 
For meters above 1-25 kW capacity, an error of between + 2 per 
cent and —5 per cent at 5, full load, and + 2 per cent from full 
load down to ;4, load. Also, the meter must begin to register when 
1 per cent of full-load current is flowing, provided that this is not 
less than 0-05 amp. 

8. The Ferranti Mercury Meter. This is a very commonly used 
ampere-hour meter. It is essentially a motor in which the mag- 
netic field is provided by two permanent magnets with mild steel 
pole pieces NS, NS, which are forced into brass plates A, A (Fig. 412). 
A fibre ring is placed between these plates, the space between them 
containing mercury. The rotor, a copper disc, is placed in this 
mercury bath, the current flowing through it from periphery to 
centre. The current is led in by a contact C, and out through the 
supporting screw D. Since the field is vertically upwards and the 
flow of current through the disc is radial, the disc will rotate as a 
motor under the influence of the right-hand magnet, and will act 
as a generator and have eddy currents induced in it by the left- 
hand magnet. This second magnet therefore provides the necés- 
sary controlling torque. With such an arrangement it is easily 
shown that the speed is proportional to the current. 

If H, is the field strength of the right-hand magnet, and J, the 
current, then 


Motoring torque oc H,I 
.. Power developed by motor oc H,IN, where N = speed. 
Let E be the E.M.F. acting round an eddy current path in the 
disc ; then if R is the resistance, the power absorbed in this partic- 
ular path will be H?/R. Hence, for all the eddy current paths in 


the disc the total power absorbed can be written XH?/R. Now if 
H, is the field strength under the left-hand magnet, the E.M.F. 
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induced by generator action will be proportional to H 2V, and 
therefore to NV, since H, is constant. The power absorbed in any 
eddy current path is thus proportional to N2, since R for any path 
is constant. Hence, the total power absorbed is proportional to 
N?. Now constant speed is attained when the motoring power is 
equal to the power absorbed by generator action. Hence 


IN c N?, H, being constant 
or Nol 


—s 
CLO hh fl ela hide 
— wn 


TN (fe) IN 
las a 


Fia, 412 
Frerrantt Meroury Mrrrr 


The number of revolutions of the disc in any given time will there- 
fore be proportional to if Idt, that is, to the quantity of electricity. 


Owing to the fact that mercury friction is present, the speed 
would not be proportional to J but for a compensating device. 
This takes the form of an automatic strengthening of the motor 
field and a weakening of the generator field with increase of load, 
and is effected by superposing a local magnetic flux, produced by a 
compensating coil H, on the main fluxes. gt 

The weight of the moving system is adjusted so that it just 
sinks in the mercury, the friction on the lower bearing being 
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therefore very small. This is necessary since no other provision 
is made for the compensation of bearing friction. 

9. The Elihu Thomson Meter. This is essentially a small ironless 
motor having a wound armature with a commutator. The mag- 
netic field is produced by the current coils B and B, (Fig. 413) 
in series with the line, while the armature A with its series resist- 
ance R carries a current proportional to the line voltage. Braking 
is effected by the rotation of an aluminium disc C between the 
poles of permanent magnets, as shown. 


Fie. 413 
Field strength due to coils Band B, oc I 
Armature current o H 


.. Torque o IH 
and Motor power oc IHN 


The power absorbed in eddy current losses in the disc is propor- 
tional to N? as before, and therefore, when motion is uniform 


N2 co IHN 
N clk 
oc W 


where W =the power. Hence, the number of revolutions in a 
given time is proportional to if Wdt, that is, to the energy. 


The effect of friction is compensated for by means of a small 
compensating coil placed co-axial with the current coils and con- 
nected in series with the armature. The position of this coil is 
adjusted so that with zero line current the meter just does not 
rotate. 

This type of meter is now mainly used for switchboard use, 
house service meters being almost invariably of the ampere-hour 
type. 
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10. A.C. Induction Type Instruments. Suppose that a copper 
or aluminium disc can rotate freely between the poles of two 
alternating current electromagnets, as shown in Fig. 414. The 
current in magnet A will produce an alternating field H, which 
will induce eddy currents in the disc. These currents will link 
with the lines of force of the field H, set up by magnet B, so that 
under proper conditions a torque will be set up. 

(a) If the currents in the 
coils A and B are in phase, 
then the fields H, and H, 
will also be in phase. Now 
the induced currents J are 


(B) 
Fig. 414 Fie. 415 
PriIncriPLteE or INDUCTION TyPzE SHADED PoE 
INSTRUMENT 


in quadrature with H, (see the transformer), and therefore, with 
H,, and in consequence there will be zero torque. Hence, the first 
condition is that there shall be a phase difference between the 
currents in coils A and B. 

(6) The two magnets must not be at opposite ends of a diameter, 
otherwise the force acting on the disc will be along a radius, thus 
producing no torque. 

Ammeters and voltmeters are obviously worked on one phase 
only, and therefore, an artificial method of obtaining the phase 
difference in the currents in the coils must be adopted. There are 
two ways. The first is “‘ splitting the phase.” The two magnets 
are connected in parallel, an inductive coil Z in series with one, and 
a resistance FR in series with the other, as in Fig. 414 (B). A phase 
difference of nearly 90° is thus obtained, the torque therefore being 
a maximum for given values of the fields H, and H,. The second 
method is to employ a single magnet with “‘ shaded” pole, that 
is, one of the poles surrounded by a heavy copper ring. (Fig. 
415). The field H, induces eddy currents in the shading ring 


498 ELECTRICAL TECHNOLOGY 


which, in turn, set up another magnetic field H’, almost opposite 
in phase to H,. The total field, Hs, is the resultant of H, and H’;, 
and is therefore almost in exact quadrature with H,. But H, and 
H, are in phase, and therefore H, and H, are nearly in quadrature. 

Let a be the phase angle between H, and H,, and let Hs induce 
a current J, in the disc. Then J, is set up by statical action irre- 
spective of the rotation of the disc and is proportional to H3. Also, 
I, lags 90° behind H,. But torque is set up by the interaction 
of I, and the field H,, and because the fields H, and H, are approx- 
imately in quadrature, the phase angle between J, and H, is 
(90 + a). 
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.. Couple due to interaction of H, and J, is 
oc H,I, cos (90 +a) 
oc H,H, cos (90 +a) 
oc H,H, sina. 


In ammeters or voltmeters based on the above principle the 
fields H, and H, are proportional to the current through the magnet 
coil, and therefore, to the current or the voltage to be measured. 
Now the torque produced by the interaction of H, and the current 
I, induced in the disc by Hs, is proportional to the product H, J,, 
and therefore to the product H,H,, as we have just seen. But 
both fields are proportional to the current in the magnet coil, and 
therefore the torque is proportional to the square of the current or 
voltage to be measured. The instruments are provided with spiral 
control springs, the disc coming to rest when the deflecting torque 
and the restoring torque of the springs are equal. Since the torque 
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is proportional to the square of the current, the graduations are not 
equal, but they can be made nearly so over the major portion of the 
scale by cutting away some of the disc, as shown in Fig. 416. The 


figure also shows the per- 
manent magnet H, which 
is used for damping the 
motion of the disc D in 
the event of a sudden 
change in current. An 
important point in con- 
nection with these instru- 
ments is that they must 
be used only for the 
frequency for which they 
were calibrated. They 
have the advantage of 
possessing a very long 
open scale. 

In alternating-current 
energy meters of this type 
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Fie. 418 
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the two magnetic fields are produced by the current and pressure coils. 
The field of the current coil is in phase with the current, while the 
field of the pressure coil lags one quarter period behind the pressure. 
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Damping by permanent magnet is provided as in direct current 
meters, and the uniform motion attained is that for which the 
deflecting torque is equal to the opposing torque set up by the 
eddy currents induced by the permanent magnet. The two 
magnetic fields are produced, one by a current coil and the other 
by a pressure coil, as in Fig. 417, where separate electromagnets 
are indicated for clearness. The field H, is proportional to the 
current I, while the field H, lags 90° behind the voltage H applied 
to magnet B, and is proportional to Z. 
Hence, if p is the angle of lag or lead of I behind EL, the phase 
angle of the fields H, and H, is (90 + 9). 
.. Torque oc H,H, sin (90 + ¢) 
o IE cos » 
oc power W. = A. W, say. 


Now the power wasted due to eddy currents is proportional to N. 
.. Retarding torque 


power 
o , oc N, = BN, : 
speed os ae 
Uniform motion is attained when the deflecting and controlling 
torques are equal. 


When BN = AW, or N= 2x W 
Thus, the speed of the disc is proportional to the power, and the 
number of revolutions made by the disc in a given time, proportional 


to the expression “ W .dt, that is, to the energy. 


The actual arrangement of the magnets and the current and 
pressure coils in a modern meter are shown in Fig. 418. The 
electromagnets are, of course, built up of thin stampings. Phase 
compensation, i.e. zero torque at zero power factor, and com- 
pensation for friction, are produced by adjustable shading rings, 
as shown.* 

11. Methods of Measuring Power in A.C. Circuit Without the Use 
of Wattmeters. (a) THREE-VOLTMETER Mretuop. The circuit, X, in 
which the power is required is connected in series with a non-inductive 
resistance R, and the three voltages H,, H,, and H, measured 
(Fig. 419). Let cos y, be the power factor of the circuit X, then since 
the drop #, along Ff is in phase with the current, the vector diagram 
is a8 shown, and we have 

H,? = Hj? + H,? + 2#,E, cos 9, 
But E,=IR 
: E,? = Hi? + H,? + 2(H,I cos y,)R 
= H+ H+2WR 

* Measuring instruments are discussed fully in Golding, loc. cit., and in 

Drysdale and Jolley, Electrical Measuring Instruments. 
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where W is the power consumption of X 
_ #£2-E?- E,? 
oe 2k 


This method is a very valuable one for the determination of power 
in coils taking a small current and working at a low power factor; 


Fig. 419. Torer-voLtMetTerR Mrtaop or Mrasurina Powrr 


for example, it can be used with success for the determination of the 
iron loss in an Epstein square, by the alternating-current method. 
Since the squares of the voltages have to be used it is necessary to 


Fie. 420. Tuorer-AmMMETER MetHop or Mrasurina PowEr 


use accurate instruments, and the possibility of error will be reduced 
if only one voltmeter is used, a transfer switch connecting it to the 
points required. It is also desirable that the voltages H, and H, 
should be as nearly equal as possible, for which reason the supply 
voltage must be in the neighbourhood of 100 per cent higher than 
the voltage to be applied to X. 

(6) THREE-AMMETER MetTHop. In this method the circuit X in 
which the power is required is connected in parallel with a non- 
inductive resistance, and the total current Z,, and the two branch 
currents J, and J, are measured by means of three ammeters A,, A., 
and A, (Fig. 420). The current J, is in phase with the applied 
voltage H, so that the vector diagram is as shown. We have 


I? = J? + I? + 21,1, cos 9, 
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But Teak 
= 1241) + 2W/R 


= 5 Us H-1) 


This method can be used when the current J, is too large for the 
three-voltmeter method to be applied. The greatest accuracy is 
obtained when the currents J, and J, are of the same order. 

(c) ExectRostatic VOLTMETER, OR ELECTROMETER METHOD. 
This method has been used fairly extensively for the measurement 
of small amounts of power at high voltages; for example, the power 
absorbed by samples of dielectric. Fig. 421 shows one method of 


LA B Cot 
Fig. 421. ExzcorromEeterR METHOD or MEASURING POWER 


determining the power in a circuit X, by means of the quadrant 
electrometer. One pair of quadrants is connected to the end A, and 
the other pair to the end B of the circuit X. A non-inductive resis- 
tance FR is placed in series with X, and readings are taken, first with 
the needle connected to B, and secondly with the needle connected 
to the far end C of R, as shown. 

Let V,, Vz, and Vy be the potentials of the pairs of quadrants 
A and B, and the needle N respectively. Then, the deflection of the 
needle is given by : 


0 = K(V,~Vs) (Vx--*5*) 


where K is a constant depending on the instrument. Let v,, v, v,; 
and v, be the instantaneous potentials of the points A, B, N, and C 
respectively, and let the deflections with the needle connected first 
to B, and then to C, be 0, and 6, respectively. Then, since the steady 
deflection with alternating potentials will be the average value of 
the above expression, we have 


6, = K xX av. of (v, - v) (%-"* = 


6,= K xX av. of (v, — %) (v6 eas) 
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“. (0,- 02) = K X av. of (vg — V5) (vp — Ve) 
Now 
(v, — v,) = Ri, where 7 is the instantaneous current 
6,- 0, = K x av.of {(vu,-%)i} x B 
ow av. of (v,—%)i 
ec power in X. 
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CHAPTER XXV 
ILLUMINATION 


1. Radiant Efficiency. When the temperature of a body is 
gradually increased, the body begins to radiate energy into space, 
the nature of the radiation depending on its temperature. Thus, 
when the temperature is low, heat energy will be radiated only, 
but when a certain temperature is reached, light will also be emitted 
and the body will now become luminous. At first the light radiated 
will consist of red waves only, but with increasing temperature 
more and more of the shorter waves will be given off, until eventually 
the body is white hot. The heat waves still given off are identical 
in nature to the light waves, but as they produce no impression on 
the retina, it is obvious that from the point of view of light-giving, 
they represent so much wasted energy. The energy radiated as 
light, expressed as a percentage of the total energy radiated, is 
called the radiant efficiency of the body. As the temperature is 
increased above that at which light waves are first given off, the 
radiant efficiency will increase, because the energy of the light 
waves will increase in greater proportion than the total radiated 
energy. When the light radiations include all the visible wave 
lengths from extreme red to extreme violet, then a further increase 
in temperature produces further radiations which are invisible, 
this time of wave lengths smaller than the extreme violet. The 
radiant efficiency now decreases. The temperature for maximum 
efficiency is about 6,000°C. ; it is far above the temperature usually 
attained by sources of light. 

2. Definitions. The Flux of light emitted from a luminous 
body is the energy radiated per second in the form of light waves. 

The luminous intensity in any given direction is equal to the 
flux per unit solid angle. 

It is obvious that some standard must be used in order that the 
luminous intensity can be measured, or compared, experimentally. 
This unit is derived from the candle, the unit of flux being that 
flux contained within unit solid angle from a source of 1 candle- 
power. This unit is called the Lumen. From this definition we 
see that the candle-power of a source of light in any direction is the 
number of lumens contained within unit solid angle in that 
direction. 

The candle-power of a source of light is always different in 
different directions, these differences being taken into account in 
the following definitions. The Mean Horizontal Candle-power 
(M.H.C.P.) is the mean of the candle-powers in all directions 
in the horizontal plane containing the source of light. 
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The Mean Spherical Candle-power (M.S.C.P.) is the mean of the 
candle-powers in all directions in all planes. Hence, if a second 
source having equal intensity in all directions produced the same 
total flux as actual source of light, then the candle-power of this 
second source would be equal to the M.S.C.P. of the actual source. 
The Mean Hemispherical Candle-power (M.H.S.C.P.) is the mean 
of the candle-powers in all directions below the horizontal. 

The Reduction Factor is the ratio 

M.S.C.P. 
M.H.C.P. 

The degree of illumination of an illuminated surface is the luminous 
flux per unit area received by it. The British unit is the candle- 
foot, being the illumination of the inner surface of a sphere of 1 ft. 
radius at the centre of which there is a source of 1 candle-power. 

It is preferable to define the efficiency of a lamp as the ratio of 
the lumens per watt, instead of the ratio of watts per candle-power, 
which is really a measure of the inefficiency. The ratio lumens per 
watt is also called the specific output. The following relationships 
are important— 


4a 
Watts per M.S.C.P. 


ceric a Bey 
Watts per M.H.C.P. 
when f is the reduction factor 


Lumens per watt = 


47 
Watts per M.S.C.P. = Lumens per watt 


__ Watts per M.H.C.P. 
3 


4af 
Lumens per watt 


=f X watts per M.S.C.P. 


For a 100 watt, 200 volt, gas-filled lamp, representative figures 
for the performance are— 


Lumens—about 1,100. 
M.S.C.P.—about 90. 

Lumens per watt—about 11. 
Watts per M.S.C.P.—about 1-1* 


Watts per M.H.C.P. = 


* See Meares and Neale, Loc. cit. 
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The illuminations required for indoor and outdoor lighting under 
different conditions naturally vary very considerably. For import- 
ant streets, representative values are -1 ft.-candle for the average, 
and -05ft., candle as a minimum. Half these values will do for 
unimportant streets. For ordinary interiors, e.g. living rooms, it 
may vary between 1 and 6 or 7 ft.-candles, and for offices, from 
10 to 20. 

The degree of illumination is the flux received by each unit area, 
the brightness is the flux emitted per unit area in a direction at 
right angles to the surface. This definition of brightness obviously 
applies to luminous sources themselves and also to bodies which 
are made visible through receiving light from a primary source, 
but not actually emitting any light of their own. 

The brightness in a given direction of a surface emitting light is 
the quotient of the intensity measured in that direction by the area 
of this surface projected on a plane perpendicular to the direction 
considered. The unit of brightness is the candle per unit area of 
surface. 

Consider an element dS of surface of a luminous position, let J 
be the intensity, and 6 the angle between the normal to the surface 
at the element considered and the line of sight. Then 


dl 


Brightness = cP: 


It follows from this that a luminous sphere has the appearance 
of a luminous disc.* 

3. Laws of Illumination. The illumination of a surface receiving 
its flux from a source whose distance is sufficiently great for its 
being regarded as a point source, is inversely proportional to the 
square of the distance between the surface and the source. 

The illumination of a surface at any point is proportional to the 
cosine of the angle between the normal at that point and the 
direction of the luminous flux. This is Lambert’s Cosine Law. Fig. 
422 represents a rectangular tube of flux F. 


2 arnt 
Intensity of surface ABCD = AROD 


: ee nr er Coe e 
Intensity of surface ABC’ D' = ARC = ABCD 


Intensity of ABCD 1 
Intensity of ABC’D’ cos 


* See also Photometry, by Walsh, and Theory and Design of Engineering 
Illuminating Equipment, by Jolley, Waldram, and Wilson. 
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Example. Two arc lamps of 1,000 and 500 candle-power respectively 
(assumed the same in all directions) are suspended 40 ft. above the ground 


Fie. 422 Fie. 423 


and are 100 ft. apart. Find the intensity of illumination at a point on the 
ground in line with the two lamps and 40 ft. from the base of the more 
powerful lamp. — 


From Fig. 423, we have 

1,000 
(8,0) 
1,000 
(56-6)? 
= 0-22 candle-foot 


500 
(S,C')? 
_ 500 , 40 

~ C25 

= 0-05 candle-foot 
.. Total illumination at C = 0:22 + 0-05 

= 0:27 candle-foot 


4, Measurement of Candle Power. In order to determine the 
candle-power of a source of light it is necessary to compare it with 
a source of known candle-power. A standard lamp is therefore 
required. At one time the candle-power of a candle of pure sper- 
maceti wax, weighing 41b. and burning 120 grains per hr., was 
taken as the unit. More modern standards are the Harcourt 
pentane lamp, which burns a mixture of pentane vapour and air, 
and has a candle-power of about 10; the Heffner lamp, which burns 
amyl-acetate at a wick and has a candle-power of 1; and the 
Carcel lamp, which burns colza oil and has a candle-power of about 
10. In practice, it is not convenient to use such standards, a more 
satisfactory way being to determine the candle-power of an aged 
electric lamp by comparison with one of the above standards, and 
then to use this lamp as a secondary standard. It is usual to make 
periodic tests on a lamp which is to be used as such a standard, and 
when it is consistent, to remove the filament from the old bulb 
and place it in a new cylindrical bulb. 


X cos 6, 


Illumination at C due to Sy; = 


x °707 


Illumination at C due to S, = Xx cos 6, 
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_ The most convenient form of photometer for general purposes 
is the Lummer-Brodhun Photometer. This consists essentially of 
a plaster of Paris screen S (Fig. 424), the two sides of which are 
illuminated by the stan- 

dard lamp and the lamp L 

under test, respectively. = Se eae = 

The light is scattered at frov—— IN Een 
the two surfaces, and the 9”°°’ | gh 
rays which leave at an 
angle of 45° reach the 
right-angled prisms A 
and B, where they are 
totally reflected to two 
more prisms, C and D. 
In one form of photo- 
meter a portion of the 
base of Cis ground away, 
so that the contact area 
between C and D is a 
circle. Rays from prism 
A entering this circle pass 
through to the telescope, 
whereas those from B 
which enter the circle do eee 

not reach the telescope. 

On the other hand, of the rays which reach the face of D outside 
this circle, only those from B reach the telescope. Hence, 
the field consists of an inner circle and an outer annular ring 
illuminated by the standard and the test lamp respectively. The 
position of the photometer is adjusted until the field is of uniform 
brightness and its distance from the two lamps read off. If CP, 
and CP, are the candle-powers of the standard and test lamp, and 
d, and d, their respective distances from the photometer, then, 
from the inverse square law 


Ordinary Contrast 
Appearance of Field. 


In the more modern form of Lummer-Brodhun Photometer, the 
aro of contact between the two prisms C and D is so modified that 
the field of view consists of trapezoidal patches in semicircles. 
This pattern is more accurate and is called the contrast pattern. 

When the candle-power of very powerful lamps, such as large 
half-watt lamps, is being determined, the distance between the 
test and standard lamps must be very large, otherwise the photo- 
meter will have to come so close to the standard that accurate 
observations are impossible. A photometer room is not large as 
a rule, so that, in order to obtain the required distance, the test 
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lamp can be slung from the ceiling and the light from it reflected 
by a mirror on to the photometer. : 

5. The Illumination Photometer. To enable the intensity of illu- 
mination of surfaces to be measured, special portable photometers 
have been evolved. One 
of these, the Trotter Photo- 
meter, is illustrated in Fig. 
425. The photometer is 
placed on the surface 
whose illumination is re- 
quired, and a small screen 
S, is viewed through slits 
S, in the case. The screen 
§, is illuminated by means 
of a small standard lamp 
L supplied from a port- 
able battery B. S,is then 
rotated until its intensity 
of illumination is judged 
to be equal to that of the 
top of the case, and its 
position on the scale read 
off by means of the pointer 
P. The scale is graduated 
directly in candle -feet. 
The instrument is very 
easily calibrated by pro- 
ducing known intensities 
of illumination on the top of the case, and finding the position 
of the pointer which gives equality of illuminations of 8S, and 
S,. It is thus not necessary to know the candle-power of L, but 
the lamp must be aged before it can be used in the photometer. 

To measure the illumination of sloping surfaces, the case is pivoted 
at O and is capable of rotation through an angle of 90°, the angle 
being indicated by a plumb-bob A, moving over a graduated scale. 

6. Determination of M.H.C.P. and M.S.C.P. In order to determine 
the M.H.C.P., the candle-power is measured in a horizontal direction, 
the lamp being rotated through, say, 10° about a vertical axis for 
each observation. The resulting candle-powers plotted on a polar 
diagram give the horizontal curve of illumination. Such a curve 
is, roughly, circular for most lamps. The M.H.C.P. is the mean of 
the observed values. If these values differ considerably, so that 
the diagram departs from the circular form, it is preferable to plot 
candle-power against angle with rectangular co-ordinate axes. The 
base is then divided into an even number of steps of equal width, 
and the ordinates measured. There will be an odd number. 
Applying Simpson's Rule, we have 
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+ 4(y2 + Ys + Ye + 


where 1, Ys, Ys, etc., are the various ordinates and h is the horizontal 
distance between consecutive ordinates. By dividing the area by 
the base the mean ordinate is found, and this is the required 
M.H.C.P. Usually, 10 steps, i.e. 11 ordinates, will be sufficient. 

If the lamp is 
mounted so that 
it can be rotated 
in a vertical 
plane the result- 
ing polar curve 
will exhibit two 
lobes, the cone 
of shadow about 
the position 0° 
being due to the 
holder. The 
M.S.C.P. can be 
determined from 
this polar dia- 
gram by Rous- 
seau’s construc- 
tion. A circle is 
drawn on the 
diagram, as shown in Fig. 426, and an axis XY drawn parallel to 
the vertical diameter AB. Points on the semicircle with uniform 
angular displacement are projected on to XY, and the lines pro- 
duced past it by an amount equal to the candle-power corres- 
ponding to the angular position. Thus, GH is made equal to OF, 
and on so. The mean ordinate of the curve so obtained (CD 
being regarded as its base) gives the M.S.C.P. For, suppose the 
intensity at any angular position @ is J, then, if an element of 
angular width d6@ is taken and this element rotated about AB as 
axis, it will describe a zone of a sphere of area 


Area under curve ~ = SON Mela Ae ama se : 


2nr cos @ x rd = 2rr* cos 6 . db 
The illumination of the inner surface of this zone is therefore 
27Ir? cos 6 . dO 
Hence, for the total spherical illumination, we have 


2Q7 Ir* cos 0d6 
de 


2 
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I, of course, being a function of 6. Now, rcos 6 .d6 is the width 
of the shaded strip in the figure, and therefore, Ir cos 6 . d0 is the 
area of the shaded strip. The total area under the derived curve 


is therefore 
if Ir cos 6d0 
Te 


2 
__ Total spherical illumination 
“e 2ar 


Now the base of this curve is of length 2r. Hence, the length of the 
mean ordinate 

__ Total spherical illumination 

i 2ar X 2r 


__ Total spherical illumination 
4qr3 


__ Total spherical illumination 
Aor 


if the sphere has unit radius. But 47 is the total solid angle sub- 
tended by the surface of a sphere, from which we see from the 
definition of M.S.C.P., that the mean ordinate of the derived curve 
is the required value. The M.H.S.C.P. can obviously be deter- 
mined by the same construction. 

Instead of determining the M.8.C.P. by the above somewhat 
laborious method, the measurement can be made directly by means 
of an integrating photometer. The Ulbricht photometer of this type 
consists of a large, hollow sphere with a smooth surface which is 
coated evenly with white paint. The diameter of the sphere should 
be large in comparison with the lamp to be tested, certainly not less 
than six times the diameter of the bulb of the lamp. When a lamp 
is placed inside the sphere the light is diffused in such a manner 
that the resulting illumination is uniform over the whole of the sur- 
face, the result of this being that, if a small window is arranged in 
the sphere, the illumination of this window is proportional to the 
M.S.C.P. of the lamp. 

Consider the lamp placed at any position S, in the sphere (Fig. 427). 
The flux from S reaching any small area AS produces a certain 
illumination. Light is reflected and diffused at the surface AS, which 
in consequence becomes a secondary source of light. Let AF be 
the flux reaching AS directly from the source, then the luminous 
intensity along the normal to AS is equal to K . AF, where K is a 
constant whose value is fixed by the nature of the interior surface 
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of the sphere. Now consider any point P on the sphere. The 
illumination of a surface at P due to the reflected rays from AS is 
for normal incidence 


pal Glass 


Fia. 427 Fie. 428 


But as is shown in the figure, the normal to the surface at P makes 
an angle 6 with the incident rays, so that for the actual illumination 
at P, due to the light reflected from AS, we have 


a . cos 6. cos 8 
KiKi x \2 
£8 5(5) 

6 et 

cre aes 


This is independent of x, proving that all small areas such as AS 
which receive an equal flux from the source S produce identical 
illuminations at the point P. Hence, since P is any point, we see 
that the illumination at any point due to light reflected from the 
surface of the sphere is uniform. But by taking all the elementary 
surfaces AS we include the total flux of light from the source 8, 
and therefore the illumination at any point of the sphere due to 
reflected light is proportional to the M.S.C.P. 

The window where the observation is made must, therefore, be 
screened from direct rays as indicated in Fig. 428. The sphere 
is made in two halves, one of which is fixed and the other movable 
on rails so that different lamps can be easily inserted and the surface 
inspected periodically. 

The sphere photometer is naturally very expensive, especially 
when very large, and therefore when very accurate results are not 
required a cubical box, as first suggested by Dr. Sumpner, can be 
used instead. The box has to be perfectly white on the inside and 
the surface uniform, as in the case of the sphere photometer, and it 
- is used in exactly the same way. It is found that the cube gives 


18—(T.5432) 28 pp. 
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very good results when the lamps under test have similar light 
distributions. If it is necessary to compare lamps with distributions 
which are not similar, it is necessary to obtain a correction factor 
for each distribution, and when this is done the measurements are 
of a high order of accuracy. 

7. Incandescent Lamps. The bulbs of incandescent lamps are 
evacuated for two reasons, first to prevent the filament burning 
away, second to prevent the lowering of temperature of the filament 
through convection. < 

There is a definite relationship between the diameter of a given 
filament and the current. Consider a filament working at a fixed 
temperature ; then the power intake of the filament will be equal to 
the rate of dissipation of heat, chiefly by radiation. 


Power intake = J?R = 72 x 4pl 
ard? 


where / and d are the length and diameter respectively. 
Now, the heat radiated per second 
= Surface area x K x F(t) 
where XK is the emissivity of the filament. F(t) is a constant only so 
long as the temperature ¢ is constant. 
Equating the intake to the rate of radiation of heat, we have 
TEx Ppa mal x K X F(t) 
ad 
: l 
AY hi" a Axdl 
where A is a constant. a 
ad =BX VPor 1=C x dis 
where B and C are constant. Note that similar expressions hold 
for the fusing current of a wire of given material under stated 
conditions. 


Again, for filaments at the same temperature, the flux per unit 
area is the same. Hence 


Candle-power = D x surface area 
= DX ld 
where D is another constant. 


The materials used for the filaments of incandescent lamps are 
carbon, tantalum, and tungsten, the latter now being the most 
important. Carbon vaporizes at 3,500°C., but the working tempera- 
ture is much lower than this, otherwise particles would be driven 
off at a very high rate; the bulb would blacken and the life of the 
lamp would be short. Because of the comparatively low tempera- 
ture of the filament, a large electrical intake is required to produce 
a given candle-power, or in other words the commercial efficiency 
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is low. This efficiency is usually expressed in watts per candle- 
power, that is, more strictly speaking, the inefficiency. For carbon 
filament lamps the value is about 34. Carbon filament lamps have 
a negative temperature coefficient, that is, their resistance decreases 
with increase of temperature. The resistance at working tempera- 
ture is about 2 times the cold resistance. 

Tantalum has a melting point of 2,800°C. Its specific resistance 
cold is 16-5 microhms per cm. cube, and at the working temperature, 
about 38 microhms per cm. cube. Its temperature coefficient is 
therefore positive, and has a value of 0-00234. Tantalum lamps 
have an average efficiency of 1-6 to 1-7 watts per candle-power ; 
they are now largely superseded by tungsten lamps. 

Tungsten has a melting point of 3,400°C., a specific resistance 
of 6 cold and 70 at the working temperature. Its temperature 
coefficient is 0-0051. These are average figures, as there are several 
processes of preparing tungsten filaments, and the electrical properties 
depend on the nature of the process. Tungsten is extremely hard 
and difficult to work, and the early filaments were very fragile and 
variable in performance. The most recent method of preparing the 
filament is as follows. Chemically pure tungsten oxide is reduced 
at red heat in an atmosphere of hydrogen to tungsten metal. 
The tungsten is obtained in the form of a grey powder, which is 
next pressed in steel moulds under hydraulic pressure into small 
bars. These bars, which are very fragile, are next heated to a 
temperature of 1,100°C., again in an atmosphere of hydrogen, and 
the particles “sinter” together, thereby imparting a certain 
amount of mechanical strength to the bars. They are next raised 
almost to the melting point by passing an electric current through 
them, this process producing a mechanically strong bar. The 
metal is still of insufficient ductility to be drawn into filaments, 
but this quality is imparted to it by hammering or rolling at red 
heat, The efficiency of a tungsten filament lamp is about 1-2, the 
superior operation being due to the possibility of a higher working 
temperature. 

8. Gas-filled Lamps. It was stated that the filaments of 
incandescent lamps are worked in a vacuum. Although this holds 
for lamps of ordinary construction, there is now in common use a 
“* gas-filled’ lamp. A metal filament worked in an evacuated 
bulb must not exceed a temperature of about 2,000°C., or the metal 
will volatilize quickly and blacken the bulb. For a high efficiency 
it is necessary to use a working temperature much greater than 
2,000°C., and to make such a temperature possible, it is necessary 
to keep down evaporation. This is done by filling the bulb with 
an inert gas, nitrogen. The presence of gas molecules causes 
convection currents, but it is found that these can be reduced to 4 
minimum by winding the filament into a very close spiral and 
suspending it horizontally. The bulb itself hangs vertically, and 
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in the large sizes is provided with a neck into which convection 
currents carry any particles from the filaments. Hence, blackening 
only takes place in the neck, and the candle-power in directions 
below the horizontal is unimpaired. The efficiency of these lamps 
is much higher than that 
of ordinary lamps, be- 
cause of their higher 
working temperature. 
An average value is 
0-6, hence the name 
** half-watt ” lamps.* 

9. Life of Incandes- 
cent Lamps. The life 
of a carbon filament 
ime (Hours) amp is ended when its 

candle-power is reduced 

to 80 per cent of the 
original value, because it is then cheaper to replace the lamp than 
continue working with the old one. The average life of the carbon 
lamp is 800 hours. Lamps of all kinds experience an increase in 
candle-power during the first few hours of working, as shown by 
the curves in Fig. 429. This initial increase is due to consolidation 
of the filament, and after it has taken place there is a gradual 
deterioration in candle-power, due partly to slow vaporization of 
the filament, and partly to the absorption of light by the black 
deposit formed on the inside of the bulb. The falling off in candle- 
power is slower for metal filament than for carbon filament lamps, 
and since the metal filament is more fragile, the life of these lamps 
is usually ended by breakage. 

The term ‘“‘ smashing-point ”’ is used to denote the percentage of 
initial candle-power to which the lamp should be allowed to decline 
before it is replaced, the falling off in candle-power beyond this 
point causing the efficiency to be so poor that it is cheaper to take the 
lamp from service and buy a newone. The smashing-point is gener- 
ally taken as 80 per cent, although when tests have been made it has 
been found that lamps generally fail before this point is reached. 

10. Effect of Variations in Voltage on the Operation. The candle- 
power can be expressed as a function of the voltage # in the form 


CP e re ee 


where », is about 6 or 7 for a carbon filament and 4 or 5 for a 
metal filament. The difference in behaviour in the two types of 
lamp is due to the fact that the temperature coefficient of carbon 
is negative, so that if H increases the resistance decreases, and 
the percentage increase in current is therefore greater than the 


* Tn the “ coiled-coil”’ gas-filled lamp a single helix is coiled again on itself. 
This arrangement gives a slight increase in the candle-power per watt. 


~ 


oe ae ee 


g 


Candle Power. 
Fercentage of initial value. 


800 
Fie. 429 
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percentage increase in HZ. The temperature coefficient of metal 
filaments being positive, the percentage increase in current is less 
than the percentage increase in ZF. 

We also have the relationships 


=- CP a fr? 


where n, is about 5 for both carbon and metal filament lamps. 
And power W oc 1" where n, is about 2:5. 
Hence, dividing, we have 


Watts per C.P. CW ieee 


C.P. 
Hence, an increase in the current produces a very large decrease 
in the watts per candle- 
power, and therefore, an 
increase in efficiency. The 
life of the lamp is consider- 
ably reduced by doing this 
because of the increased vap- 
orization of the filament, and 
it is therefore not commer- 
cially economical. 
11. Selective Emission. 


We have seen that incan- | WY™~m ">= 
descent bodies emit radia- 
tions of very different wave 9 A#4 8 12 6 20 |g M4 
lengths and _ frequencies. Co lene a Sc ti ki thasenilads, 
. . 1018 e 
i 
From the point of view of Fra, 430 


light giving, the only useful 
radiations are those whose 
frequencies are comprised between the narrow limits of 4 x 10! 
per sec. (red) and 8 x 1014 (violet). All other radiations are 
outside the visible spectrum and therefore represent so much wasted 
energy. The theoretically ideal radiator, known as-a “ black 
body,” is one which absorbs all the radiation which falls upon it. 
If such a body is radiating energy, then, for a given temperature, 
the energy radiated per unit area of surface is a function of the wave 
length of the radiation as shown by Fig. 430. It is clear that if 
the body is emitting radiations up to the wave length OA, the 
total energy of all the radiations emitted will be represented by the 
area under the curve bounded by the limits o and A. If OM 
and OWN are the extreme visible wave lengths, the whole of the 
visible spectrum being included in the band MN, then the total 
energy radiated as light will be represented by the shaded 
area. The radiant efficiency of a black body emitting rays of 
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all lengths up to OA will thus be equal to the ratio: Shaded area, 
divided by total area between the limits o and A. With most 
bodies, the shape of the curve is identical to that for the black 
body, the lengths of ordinates to the two curves at different wave 
lengths being in the same proportion. The curve for an.ordinary 
body, or “grey ” body as it is called, is therefore as shown by the 
dotted curve, and the radiant efficiency will be the same as for a 
black body. There are certain bodies whose radiation charac- 
teristics differ considerably from that of a black body, the per- 
centage of energy radiated at some particular wave lengths being 
greater than the percentage of the energy radiated at the same 
wave length by an ordinary body. Such a body is said to have 
“selective emission.” If the selection occurs within the visible 
spectrum the characteristic will be similar to that represented by 
curve III. The radiant efficiency of such a body is obviously greater 
than that for an ordinary 
body or a black body, thus 
showing that such a charac- 
teristic is desirable in sub- 
stances used aslightemitters. 
Tungsten possesses this pro- 
perty to a small extent, but 
it is exhibited mainly by 
incandescent gases. 

In Fig. 431 are drawn 
the characteristics for a 
black body at different 
7216 20, 24 temperatures, the visible 
Wave length iniO™em& — spectrum being again repre- 

Fie. 431 sented by the shaded band. 

It is obvious from these 

curves that up to about 6,000°C. the radiant efficiency increases 
with the temperature. 

12. Requirements for Filament Materials. The most important 
factor in determining the material of which to make the filament of 
a lamp, is the temperature at which the filament can be worked. 
Tungsten has the highest melting point of any of the materials so 
far used, and for this reason it is now used almost exclusively, 
especially as a satisfactory manufacturing process has at last been 
evolved. The working temperature is also determined by the 
amount of vaporization which takes place. Carbon actually has a 
higher melting point than tungsten, but its working temperature 
is limited to about 1,800°C. because of the rapid vaporization at 
temperatures greater than this. It thus appears that vaporization 
is even more important than melting point. The gas-filled lamp 
has been introduced in order to keep down vaporization and to 
enable filaments to be worked at much higher temperatures than 
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are possible in vacuo. It can be stated in general that the ideal 
filament material is one having a high melting point, a low 
vapour pressure, high specific resistance, ductility, and mechanical 
strength. 

13. Discharge Lamps. When dealing with filament lamps we 
saw that the efficiency of the lamp could be increased by raising 
the temperature of the filament. The obvious limit to the tempera- 
ture is the melting-point of the material; but the practical limit 
is appreciably below this, because a high temperature is associated 
with a short life. Again, even at high filament temperatures only 
a small portion of the energy emitted appears as visible light: 
a very little is given out in the ultra-violet region, but by far the 
most of the energy is given out in the infra-red region, as is shown 
in Fig. 430. Now, an ordinary incandescent lamp gives a continuous 
spectrum, i.e. there is present light of every colour, and there are 
no gaps in which there is no radiation. This is due to the fact 
that with solids the atoms are so closely packed together that they 
are unable to radiate the frequency characteristic to their free 
state, as for example when the atoms are widely separated, as in a 
rarefied gas, and can therefore radiate without interference from 
one another. As a result of the continuous nature of the spectrum 
the ratio of the energy emitted as visible light to the total energy 
emitted is given by the ratio of the shaded portion to the total 
area under the curve. With a modern coiled-coil lamp this ratio 
is only about 10 per cent, showing that in order to obtain any 
appreciable gain in efficiency it is necessary to break away from the 
traditional heated-filament lamp and adopt some other principle. — 

This principle is available in the discharge lamp, in which the 
light is obtained from a luminous column of rarefied gas or vapour. 
Furthermore, this luminous column is not heated to a high tempera- 
ture, but is excited electrically. In order to appreciate the meaning 
of this consider the nature of the electrical discharge through a 
rarefied gas or vapour. These phenomena are similar to those 
already studied in the case of the mercury-are rectifier. Electrons 
travel from the cathode to the anode, and under the influence of 
the potential gradient they acquire a velocity, and therefore a 
kinetic energy, dependent upon the length of the mean free path. 
While in motion they will collide with gas or vapour atoms, and the 
result of the collision will depend on the kinetic energy of the electron 
just prior to the collision. One of three things can happen. Firstly, 
if the kinetic energy is small, the electron will bounce off the atom 
and there will be little result beyond a possible change of direction. 
Secondly, if the kinetic energy is sufficiently high, the impact will 
be sufficiently great to displace one of the electrons of the atom 
from its normal orbit to another orbit round the positive nucleus. 
The atom is then said to be in an excited state and light of a certain 
wavelength will be emitted, the wavelength depending on the 
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change in the orbits of the electrons round the nucleus. The lowest 
kinetic energy to produce excitation raises the atom to what is 
called the first excited state, and if the colliding electron has this 
amount of energy it will leave the atom with zero velocity. If the 
energy before collision is greater than this, then the electron will 
leave the atom with a velocity corresponding to the excess energy, 
or, if the excess energy is sufficiently great, the atom will be raised 
to what is called its second excited state and light of another colour 
will be emitted. Hence the emission of light corresponds to the 
absorption by the atom of definite amounts of energy from the 


Energy 


2000 4000 “8000 12000 
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Fie. 432. Mmroury-vaPourn SPECTRUM 


colliding electron; therefore the spectrum, instead of being contin- 
uous, as with an incandescent solid, will be a line spectrum, each 
line corresponding to one of the excited states of the atom. 

Thirdly, if the velocity of the colliding electron is sufficiently 
high, it will remove an electron from the atom of gas or vapour so 
that an additional free electron is produced and also the atom 
becomes preponderatingly positive: in other words it becomes an 
ion. This process is called ionization. Since, with each collision the 
number of electrons is increased, the process is cumulative and as a 
result it is characterized by the passage of heavy currents, unless 
there is some limiting device such as a resistance or a choke. “In 
the case of sodium the atomic energy necessary for ionization is 
just over 5 electron-volts. 

Let an electron having an initial velocity of zero travel between 
two points having a P.D. of 1 volt. Then it will acquire a definite 
kinetic energy which is defined as the electron-volt. In the case of 
sodium vapour an energy of 2-1 electron-volts in the colliding 
electron will be just sufficient to raise the atom to its first excited 
state, and light of wavelength 5,890 Angstrom units* is emitted. 
This gives the characteristic yellow light of sodium vapour. If the 
electron. has a kinetic energy of 3-18 electron-volts, then the atom 
is raised to its second excited state, and there is an additional 


* The Angstrom unit is one ten-millionth of a millimetre. 
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emission corresponding to a wavelength of 11,404 Angstrom units. 
This is not within the visible spectrum and is therefore of no value 
from the point of view of light-production. 

In the case of mercury vapour, light is emitted at several fre- 
quencies in the visible range, the general colour being bluish-green 
or bluish-white, according to the value of the vapour pressure. 
The spectrum of mercury vapour is given in Fig. 432, the lengths 
of the lines representing the energy at each wavelength. The 
point to notice is that the energy emitted in the visible region is a 
greater proportion of the whole than in the case of a filament 
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lamp, and in consequence a mercury-discharge lamp is more efficient 
than an incandescent lamp. Thus a mercury-discharge lamp of 
400-watt size will have an initial efficiency of 45 lumens per watt, 
while a gas-filled lamp of the same lumen output will have an effi- 
ciency of about 18 lumens per watt. In the case of the sodium lamp 
the efficiency is even better, the 150-watt size having an initial effi- 
ciency of 64 lumens per watt. 

The relative intensities of the radiation at the characteristic 
wavelengths depend on the pressure. In the case of sodium there 
is a very strong yellow line at low pressure, but if the pressure is 
increased the radiations in the invisible regions increase while the 
visible yellow decreases. Thus the sodium-discharge lamp is, of 
necessity, a low-pressure lamp. With mercury, on the other hand, 
a rise in pressure causes a greater proportion of the total radiation 
to take place in the visible spectrum, so that increased pressure is 
accompanied by increased efficiency. Thus, for industrial and street- 
lighting purposes the mercury-discharge lamp operates at a pressure 
of about one atmosphere. 

An examination of the mercury-vapour spectrum shows that 
there is a very strong line at a wavelength of 3,650, and therefore 
just within the ultra-violet region. The wavelength is thus too 
short for visibility. There are some materials which have the 
property of fluorescence, that is, they can absorb radiation of a 
certain wavelength and re-emit energy at a longer, and visible, 
wavelength. By coating the lamp container with such a material 


524 ELECTRICAL TECHNOLOGY 


invisible radiation is converted into visible radiation with corre- 
sponding gain in the efficiency. Also, by a suitable choice of fluores- 
cent material, based on the colour of the light emitted by this 
material, it is possible to correct the colour of the mercury-discharge _ 
lamp in such a way as to reduce the predominance of the blue. 

One form of mercury-discharge lamp consists of a hard-glass 
tube containing argon at low pressure and a little mercury. There 
is an electrode at each end and also an auxiliary starting electrode 
at one end. This tube is supported centrally in an outer glass tube, 
the space between the two tubes being exhausted so as to prevent 
inadvertent condensation of mercury due to the formation of cool 
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places on the inner tube. This construction is shown in Fig. 433. 
When the lamp switch is closed, the full voltage is applied between 
the auxiliary electrode and the adjacent main electrode. This is 
sufficient to break down the small gap, and an argon discharge takes 
place. This discharge sets up sufficient ionization for the discharge 
to spread between the two main electrodes, after which there is 
sufficient heat production to vaporize the mercury and so permit 
the required mercury-vapour discharge. In order to limit the 
current at the starting electrode a high resistance of about 50,000 
ohms is placed in series with it. Since the discharge is in the nature 
of an arc, the lamp has a negative temperature coefficient and it is 
therefore necessary to use a series resistance or reactance, the latter 
being usual because of the energy loss in a resistance. In the G.E.C. 
““Osira”’ lamp there is no starting electrode, the full supply voltage, 
which is applied to the electrodes at the moment of starting, being 
sufficient to cause the discharge in the rare-gas filling. There is an 
initial switching surge which lasts for a few cycles only, after which 
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the current in the cold lamp will be of the order of twice the normal 
current, this current being attained after a few minutes. The 
connection diagram, is shown in Fig. 434. The condenser is included 
in the circuit for the purpose of improving the power factor. 

The mercury lamp is a cold-cathode lamp, since the cathode is 
maintained in an incandescent state by ionic bombardment, as in 
the case of the mercury-arc rectifier. In the case of the sodium 
lamp this is not possible, and therefore the lamp must be of the 
hot-cathode type. The circuit therefore includes a step-down 
transformer for cathode heating, in addition to the stabilizing 
choke. In order that the lamp may be self-starting, the sodium 
lamp also has a filling of neon or argon, and, after switching on, the 
discharge takes a few minutes completely to change over to the 
sodium discharge. The essential connections are shown in Fig. 435. 


EXAMPLES ON CHAPTER XXY. 


(1) A lamp gives 30 c.p. in every direction. Draw a curve showing the 
illumination produced on the floor of a room if the lamp is 8 ft. above the 
floor. 3 

(2) What considerations determine the best height of suspension when a 
number of similar arc lamps are to be used for street lighting and open spaces ? 
A single arc lamp is such that, when suspended with the light source 22 ft. 
above the ground, it produces an illumination J on the ground, which varies 
with the distance d, reckoned from the foot of the lamp as follows— 

Tf d is 0, 10, 20, and 30 ft., the corresponding values of J are 1-8, 1-7, 1-5, 
and 1-2 foot-candles, while for values of d from 40 to 100, the values of J may 
be assumed given by the equation J = 1-4—0-0ld. 

Draw a curve for the above illumination, and another curve for it when the 
lamp is raised 8 ft. (London Uniy., 1913.) 

(3) Define (a) illumination, (6) luminous flux, and (c) brightness of a 
luminous surface. State the units in terms of which these quantities are 
expressed. In what respect does the reflecting action of a diffusing surface 
differ from that of a mirror ? 

A large area is illuminated by a number of lamps each placed 12 ft. above 
the ground on posts erected all over the area, so as to stand at the corners of 
squares of 50 ft. side. The candle-power of each lamp is 300 and may be 
assumed uniform. Calculate the illumination of the ground (a) at the base 
of each lamp, (b) at the centre of each square, and (c) as an average for the 
whole area, (London Univ., 1914.) 


Ans.—(a) 2°26; (b) 0:35; (c) -75 candle-feet. 


(4) A metal-filament lamp has the following light distribution in a vertical 
plane, angles being reckoned from the vertical— 


Angle — - 0 15 30 45 60 75 90 105 120 135 150 165 
C.-p. - - 8 10 26 35 44 52 49 46 40 30 14 0 


Deduce its mean spherical candle-power and mean hemispherical candle- 
power for directions below the horizontal. If the candle-power for all 
directions in the horizontal plane through the lamp is constant at 49, find 
also its reduction factor. 

(5) Define carefully the terms: mean horizontal candle-power, mean 
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hemispherical candle-power, lumen, and luminous flux. Describe, with the 
help of a sketch, the method you would employ to determine the polar curve 
of illumination due to a large source of light, such as a “ half-watt ’’ lamp, 
with its reflector, the position of which is to remain fixed during your test. 
How would you find the mean spherical candle-power of the light from the 
readings taken ? (London Univ., 1915.) 

(6) If the filament of a 32 c.-p., 100 volt lamp has a length / and diameter d, 
calculate the length and diameter of the filament of a 16 c.p., 200 volt lamp, 
assuming that the two lamps are run at the same intrinsic brilliancy. 


(London Univ., 1916.) 
Ans.—1:251; 0:4d. 


(7) Describe recent improvements in the manufacture of metallic filament 
lamps. Find an expression connecting current and diameter of filament 
for a given maximum temperature. (London Univ., 1912.) 

(8) Describe the half-watt gas-filled metal filament lamp. What conditions 
affect the efficiency of such a lamp, and how may the efficiency in candle-power 
per watt be determined ? (London Univ., 1922.) 

(9) Compare the effects of variable pressure of supply on glow lamps with 
carbon filaments, and on those with filaments of metal such as tungsten, as 
regards (a) fluctuations in light ; (6) probable influence on the life; (c) fluc- 
tuations in the current flowing through. (London Univ., 1908.) 

(10) Find the height at which a light having uniform spherical distribution 
should be placed over a floor in order that the intensity of horizontal illumina- 
tion at a given distance from its vertical centre line may be the greatest. 
(London Univ., 1911.) 


Ans.—h = :707 1, where | = distance from vertical centre line. 
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1. The Magnetic Circuit— 
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Inductance of a pair of parallel conductors 


L = 148 x 10°‘ log,, 4 henrys per mile : ee 


3. Capacitance— 
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Electrical Oscillations-— 
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(c) if : 


‘= 


R? 


LO” 413 


R, 
(424 py *** 


Rise of voltage at a condenser charged through a resistance 
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4, E.M.F. Induced in a D.C. Armature— 
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5. Armature Reaction and Commutation— 
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Formulae for self induction of an armature coil 


conditions, 


L= 
L= 


t= 


6. Efficiency of a D.C. 
n = 


n*(4l, + °81,) <x 10°* henrys . 
n*(8], + °82,) x 10°® henrys . 
mn*(81, + °81,) x 10°° henrys 


Wy — w, 
—~_— seconds F ‘ 


Machine— 
Hy,l 
Hil + R,I* + W, 


7. Direct Current Motor— 


EH, = 


N = 


T = 


OZN P af 

60 x a x 10°° volts e 
H-R,!I, 604 5 
eet Oe pee ee 


Ole Fg e om 
ies oe et 


under different 


70 


66 


66 


93 


97 


98 


99 


100 
100 


100 


112 


530 ELECTRICAL TECHNOLOGY 


Speed of shunt motor for any armature current I, 


E-R,I 
= See . ° . . e . 
N =, x 537 


Rules for calculating the steps of motor starters. 
For a shunt motor, 
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8. Direct Current Distribution— 
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9. Testing of D.C. Machines— 
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10. Electrolysis— 
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11, Alternating Quantities: Laws of Alternating Current Circuits— 
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12. Static Transformers— 
Transformation ratio 
eee a 3 F 
EH, = 4:440,,4,Nif x 10° . 
EH, = 4:440,,4, Naf X 10° . 
Component of primary no load current I ,, 
#,l x 10° , 


. 


Tn = S34 tut eA 
I Waeuees 2 eas 
w E, 
Wr = Bmax fV Xx 107 watts 
W, = 13-6 x 10°4B,,,,7fV watts 
eels Ny, 
Current ratio, ia = N, approx. - : 


Drop of secondary volts on load 


= {(K?R, + R,) cosy + (K*X, + X,)sing} I, 


Equivalent resistances and reactances, 
R, a+ (FE Ry ee 


x, = xn+(q) ECan e 


R, + (7 *)R, 4 5 
m= X+ (7 2X, ae 


Percentage regulation 


Hi, — 
o-2” «13 
= LOO ee A 
ols 


I 


I 


R, 


Output in kilowatt hours 


ruc et Phe Intake in kilowatt hours 
' £ E,I, cos 
Ordinary offic. = Wilroo pa: Ral W, 
For maximum effic., RJ," = W; : 
Heating-time curve, 
Ky 
6 = — A te in tt. & P 
Ge ox(i), : 
Ww a 
piiagy i B 
6 x e 5 : ; 


Weight of copper on auto-transformer 
Weight of copper on ordinary transformer 


Ms (ay 73 


PAGE 


259 
259 
259 


260 


260 


260 
261 


263 
265 


266 
266 
266 


266 


268 
272 


273 
273 


285 


285 


286 


289 


SUMMARY OF FORMULAE 


13. The Alternator— 
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17. Motor Convertor— 


18. Mercury Arc Rectifier— 
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22. Correcting Factor of Wattmeter Working in an Alternating Current Circuit— 
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Current unit, xi 

, rise of, in inductive circuit, 30 
, decay of, in inductive circuit, 31 
Cycle, 205 


Dampers, 324, 398 
Demagnetizing force, 22 
Dielectric, 70 

strength, xiv, 72 

D.C. machines, testing of, 177 
Discharge lamps, 521 
Disruptive strength, xiv 
Dispersion coefficient, 368 
Distribution, direct current, 155 
Distributors, volt drop in, 171 
Doubly fed motor, 442 

Drop of volts, 157 

, in three-phase line, 253 
Duddell oscillograph, 467 
Dynamometer instruments, 490 


Eppy currents, 78, 260 

Effective value, 207, 454 

Efficiency of D.C. machines, 112 
of transmission, 156 

, radiant, 507 

of incandescent lamps, 516 
of accumulators, 198 

of transformer, 273 

, all-day, 272 

Tlectric fields, 44 

oscillations, 67 

Electrical resonance, 220, 225, 456 
Electro-chemical equivalent, 194 
Electrode, 192 

Electrolysis, 163, 192 

——, laws of, 193 
Electromagnet, lifting power, 10 
Electromotive force, production of, 26 
, dynamically induced, 26 

, statically induced, 27 

———_—_ ——,, unit of, xi 

, self induced, 28 
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Electromotive force, mutually in- 
duced, 29 

Electron-volt, 522 

Electrostatics, 44 

Electrostatic voltmeter, 492 

Elihu Thomson meter, 496 

Elliptical magnetic field, 441 

E.M.F., dynamically induced, 26 
equation, of D.C. manele, 91 

, of alternator, 313 

, of transformer, 258 

self-induced, 28 

statically induced, 27 

Energy of electric field, 64 

, of magnetic field, 16 

Entz booster, 164 

Epstein’s iron testing apparatus, 281 

Equalizer connections, 88 

Exxpedor, 446 


FARAD, xii 

Ferranti meter, 494 

Field control of D.C. motor, 139 
magnet, 76 

, calculation of, 77 

Field’s test, 189 

Filament, carbon, 516 

——, tantalum, 516 

——., tungsten, 516 

materials, requirements for, 519 
Fleming’s hand rule, 26 

Flux, electric, 46 

, magnetic, 6 

, of light, 507 

Form factor, 208 

, influence on iron loss, 464 
Frequency, 205, 301 

Full-wave rectifier, 410, 426, 430 


Gas-filled lamps, 517 

Gauss’s theorem, 49 

Generator and battery, 152 

, induction, 379 

Generators, direct current, 76 

in series and in parallel, 
147 et seq. 

Grid control, of rectifier, 417 


Haur-wave rectifier, 409, 426, 430 
Harcourt pentane lamp, 510 
Heating, time curve, 284 
Hefiner lamp, 510 

Hobart’s rule, 99 

Hopkinson test, 185 
Hot-cathode rectifier, 424. 

wire instruments, 491 
Hunting, 323 


Hysteresis, 14 
coefficient, 16 
loops, 14, 18 
loss, 17 


InLiIovicr permeameter, 21 

Tilumination, 507 

Impedance, 214 

» Synchronous, 306 

Incandescent lamps, 516 

, life of, 518 

Inductance, of a pair of parallel 
conductors, 35 

Inductive circuit, 212 

Induction density, 6 

—— motor, 340 

, circle diagram of, 367 

—— ——,, magnetic leakage in, 373 

——- ——,, methods of starting, 348 

, run as synchronous motor, 

364 

—— ——, speed control of, 354 

, torque of, 342 

——, mutual, 28 

regulator, 401 

——, self, 28 

Instruments, electrical measuring,487 

Insulators, xv 

Interpoles, on D.C. machines, 100, 
122 

,on A.C. commutator motors, 
438 

Irreversible battery booster, 165 


Kapp regulation diagram, 268 
vibrator, 477 

Kelvin’s Economy Law, 166 
Kirchhoff’s laws, 39 

Kramer method of speed control, 359 


LamMBeERt’s Cosine Law, 509 
Lamps, discharge, 521 

, Incandescent, 516 

——, mercury-discharge, 523 

, sodium-discharge, 522, 525 
Leakage factor, 8, 77 

, magnetic, 8 

—, - , in induction motors, 373 
,in transformers, 263 
Lenz’ s Law, 28, 340 

Lifting power of magnet, 10 
Linkage, 28, 

Load equalizer, 143, 359 
Locking, magnetic, 348 
Logarithmic decrement, 70 
Lumen, 507 

Luminous intensity, 507 
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MAGNETIC circuit, 6 

of circular conductor, 3 

—— —— of parallel conductors, 5 

of solenoid, 4 

field of straight conductor, 1 

strength, xi 

—— flux, 6 

leakage, 8 

locking, 348 

pole unit, xi 

Magnetism, cycles of, 14 

Magnetization curves, 13 

, determination of, 18 

Magnetomotive force, 6 

Magnets, permanent, 22 

Measuring instruments, 487 

Mechanical characteristic, 123 

Mercury arc rectifier, 407 

discharge lamp, 523 

Mesh connection, 241 

Meters, 494 

Microfarad, xii 

Moment of inertia of armature, 
determination of, 183 

Motor convertor, 405 

Motors, direct current, 116 

, induction, 340 

, polyphase commutator, 
444 

, single-phase commutator, 433 

, Synchronous, 316 

Moving coil instruments, 489 

Moving-iron instruments, 487 

Mutual inductance circuit, 227 

—— induction, 28, 227 

, coefficient of, 29 
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OckENDEN, 300 
One-wattmeter method, 244 
Oscillations, electric, 67 

, free and forced, 68 
Oscillograph, Duddell, 467 

, cathode ray, 469 


PaRALLEL operation of alternators, 
329, 465 

of rotary convertors, 401 

of transformers, 274 

Periodic time, 205 

Permanent magnets, 22 

Permeability, 6 

Permeameter, Illiovici, 21 

Phase, 208 

Phase advancers, 307, 475 

swinging, 323 

Photometer, Lummer Brodhun, 611 

, Trotter, 512 
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Pitch, winding, 81 

Polarization, 194, 202 

Pole changing, 356 

Polyphase commutator motor, 444 

currents, 239 

, transformers, 291 

vector diagrams, 249 

Potential difference, unit, xi 

gradient, 57, 60 

Potier, 327 

Power, xi 

factor, 214 

correction, 476 

, economical limit of, 

480 

—— ——,, disadvantages of a poor, 
475 

meter, 299 

measurement, in polyphase cir- 
cuits, 243 

Primary cells, 202 


———— 


Rap1rant efficiency, 507 

Reactance, 212 

Reactance voltage, 98 

Rectifier, full-wave, 410, 426, 430 

, grid control, 417 

, half-wave, 409, 426, 430 

——, hot cathode, 424 

——,, inverted operation, 423 

,» mercury arc, 407 

, solid contact, 429 

, voltage and current relation- 
ships, 416 

Reduction factor, 508 

Regenerative methods of testing, 185, 
190, 282 

Regulation of alternators, 326 et seq. 

of single - phase alternator, 


308 
Reluctance, 7 
Repulsion motor, 439 
, compensated, 442 
, vector diagram of, 443 
Resistance of conductors, xiii 
2 specific, xiii 
, unit, xi 
Resistivity, xiii 
Resonance, electrical, 220, 225, 456 
Retardation test, 181 
Rheostatic control, of D.C. motors, 


, of induction motors, 354 
Rotary convertor, 384 

, armature heating, 391 
—— ——,, inverted, 403 

—— ——., methods of starting, 397 


a 


ELECTRICAL TECHNOLOGY 


Rotary convertor, parallel operation 
of, 404 

, 8ix-phase, 395 

—_— ——,, split pole, 402 

——,, voltage and current ratios, 

385 

oF regulation, 401 

Rotating fields, 296 

Rothert, 326 

Rousseau’s construction, 512 

“Running down”? test, 181 


SANDWICH windings, 258 

Schrage motor, 452 

Scott transformation, 290 

Selective emission, 519 

resonance, 456 

Self excitation, 110 

induction, 28 

, coefficient of, 28 

Separately excited generator, 107 

Separation of losses, 179 

Series motor, 122 

, testing of, 189 

—— parallel control, 141 

repulsion motor, 442 

wound generator, 105 

Shaded pole, 497 

Shell type transformers, 257 

Short chord winding, 103 

circuit, period of, 105 

Shunt motor, 124 

—— wound generator, 107 

Single-phase alternator, 301 . 

commutator motors, 433 

———- -_— induction motor, 380 

—— —— series motor, 433 

, circle diagram 

of, 434, 436 

, conditions neces- 
sary for good power 
factor, 437 

synchronous motor, 316 

transformer, 257 

Six-phase working, 395 

Skew coil, 305 

Slip, 340 

meter, Drysdale’s, 377 

Sodium-discharge lamp, 522, 525 

Solid contact rectifier, 429 

Speed control, of D.C. Motors, 135 

, of induction motors, 354 

Split pole convertor, 402 

Squirrel-cage rotor, 341 

Star connection, 241 

point, 242 

, earthing of, 440 
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Starters, for D.C. motors, 127 Transformer, single-phase, 257 
——,, calculation of, 129 , voltage regulation, 263 

, for squirrel-cage motors, 348 —— in parallel, 274 

Starting peter of induction motor, , methods of cooling, 284 
, testing of, 280, 392 


Stroboscope, 376 ——,, used with instruments, 289 
Sumpner, 515 Trotter photometer, 512 

—— test, 282 Two-phase working, 240 
Susceptance, 222 —— -wattmeter method, 244 
Susceptor, 449 Tungsten lamp, 517 


Swinburne test, 178 
Symbolic method, 229 
Synchronous booster, 402 
condenser, 476 


UNBALANCED three-phase circuit, 250 


—— impedance, 306 ““V” CHARACTERISTICS, 320 
—— induction type, 364 Voltmeter, electrostatic, 492 
motor, 316 » induction type, 497 

Synchronizing bars, 338 ——, moving coil, 489 
Synchroscopes, 339 —, iron, 487 

Voltage a of alternators, 
TanTaLuM lamp, 516 , 326 
Taylor, 460 ——s A ae ae convertors, 347 
Testing, of D.C. machines, 177 SS , of transformer, 263, 269, 
Three-ammeter method, 501 466 


—— -phase working, 241 regulators, automatic, 331 


—— -voltmeter method, 500 


—— -wattmeter method, 243 Watt, Dr., 363 
—— -wire system, 158 Ward Leonard control, 142 
Thyratron, 426 —— —— II™Mgner control, 143 
——,, applications of, 428 Watt, xi 
Tirrill regulator, 331 hour meter, 496, 499 
Tooth ripples, 463 Wattmeter, 490 
Torque, of D.C, motor, 118 , correction of, 274 

, of induction motor, 342 Wave-form, determination of, 467 
Transformation, from three- to two- , of an alternator, 460 

‘phase, 290 Wheatstone network, D.C., 41 
ratio, 258 , A.C., 235 
, three-phase, 291 Wien bridge, 235 


Transformer, as a mutually inductive | Winding, armature, polyphase, 305 
circuit, 278 — , single-phase, 302 


——, auto, 288 ——, D.C. armature, 80 
——,, Berry type, 257 element, 81 

, core type, 257 ——,, lap, 81 

, equivalent circuit of, 269 — pitch, 81] 

, heating, time curve, 284 , squirrel-cage, 341 
——, magnetizing current, 259 —— wave, 83 
——,, polyphase, 291 Windings, cylindrical, 258 


» Shell type, 257 , single and multi-turn, 85 
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